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BACKGROUND OF THE INVENTION

1. Field of the Invention:

The present invention relates to a magnetoresistance effect device, and also relates to a magnetic head,
a memaory device, and an amplifying device using such a magnetoresistance effect device.

2. Description of the Related Art:

A magnetoresistive sensor (hereinafter referred to as an MR sensor) and a magnetoresistive head
(hereinafter referred to as an MR head) using a magnetoresistance effect device have been under
development. The term "a magnetoresistance effect element” indicates a device which varies an electric
resistance depending on the magnetic field externally applied. The characteristic of the magnetoresistance
effect device is generally represented by a ratio of change of magnetoresistance (hereinafter abbreviated as
an MR ratio). The MR ratio is defined by the following equation:

MR ratio (%) = (R(maximum) - R(minimumy)) / R(minimum) x 100,

where R(maximum) and R(minimum) denote the maximum value and the minimum value of the resistance
of the magnetoresistance effect device when a magnetic field is applied to the magnetoresistance effect
device. Conventionally, as a material for a magnetoresistance effect device, a permalloy of NiggFeg, is
mainly used as the magnetic body. In the case of such magnetoresistance effect materials, the MR ratio is
about 2.5%. In order to develop an MR sensor and an MR head with higher sensitivity, a magnetoresistive
device exhibiting a higher MR ratio is required. It was recently found that [Fe/Cr] and [Co/Ru] artificial
multilayers in which anti-ferromagnetic coupling is attained via a metal non-magnetic thin film such as Cr
and Ru exhibit a giant magnetoresistance (GMR) effect in a ferromag_netic field (1 to 10 kQe) (see Physical
Review Letter Vol. 61, p. 2472, 1988; and Physical Review Letter Vol. 64, p. 2304, 1990). However, these
artificial multilayers require a magnetic field of several kilooersteds to several tens of kOe in order to attain
a large MR change, so that such artificial multilayers cannot be practically used for a magnetic head and
the like.

It was also found that an [Ni-Fe/Cu/Co] artificial multilayer using magnetic thin films of Ni-Fe and Co
having different coercive forces in which they are separated by a metal non-magnetic thin film of Cu and
are not magnetically coupled exhibits a GMR effect, and an artificial multilayer which has an MR ratio of 8%
when a magnetic field of 0.5 kOe is applied at room temperature has been hitherto obtained (see Journal of
Physical Society of Japan, Vol. 59, p. 3061, 1990). However, as is seen from the typical MR curve of this
type of artificial multitayer shown in Figure 11, a magnetic field of about 100 Oe is required for attaining a
large MR change. Moreover, the MR asymmetrically varies from the negative magnetic field to the positive
magnetic field. ie., the MR exhibits poor linearity. That is, such an artificial multilayer has characteristics
which are difficult to use in practice.

Also, it was found that [Ni-Fe-Co/Cu/Co] and [Ni-Fe-Co/Cu] artificial multilayers using magnetic thin
films of Ni-Fe-Co and Co in which RKKY-type anti-ferromagnetic coupling is attained via Cu exhibit a GMR
effect, and an artificial multilayer which has an MR ratio of about 15% when a magnetic field of 0.5 kOe is
applied at room temperature has been hitherto obtained (see Technical Report by THE INSTITUTE OF
ELECTRONICS, INFORMATION AND COMMUNICATION ENGINEERS of Japan, MR91-9). As is seen from
the typical MR curve of this type of artificial multilayer shown in Figure 12, the MR substantially linearly
varies from zero to the positive magnetic field, so that the film has characteristics which are sufficient for
the application to an MR sensor. However, in order to get a large MR change, a magnetic field of about 50
Oe is required. Such a characteristic of the film is not appropriate for the application to an MR magnetic
head which is required to be operated at most at 20 Oe and preferably less.

As a film which can be operated in a very weak magnetic field to be applied, a spin-valve type film in
which Fe-Mn as an anti-ferromagnetic material is attached to Ni-Fe/Cu/Ni-Fe has been proposed (see
Journal of Magnetism and Magnetic Materials 93, p. 101, 1991). As is seen from the typical MR curve of
this type shown in Figure 13, the operating magnetic field is actually weak, and a good linearity is observed.
However, the MR ratio is as small as about 2%, and the Fe-Mn film has a poor corrosion resistance. The
Fe-Mn film has a low Neel temperature, so that the device characteristics disadvantageously have great
temperature dependence.

On the other hand, as a memory device using a magnetoresistance effect, a memory device using a
conductor portion (sense lines) made of Ni-Fe(-Co)/TaN/Ni-Fe(-Co) in which Ni-Fe or Nj-Fe-Co as a
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conventional MR (magnetoresistance effect) material is laminated via TaN has been proposed (see U.S.P.
No. 4,754,431, and IEEE Trans. Magn. Vol. 27, No. 6, 1991, pp. 5520-5522). Such a memory device utilizes
the conventional material as an MR material, so that the MR ratio is 2% to 3%. Thus, the memory device
has disadvantages in that the output during the information read-out is weak, and it is inherently difficult to
perform nondestructive read-out.

SUMMARY OF THE INVENTION

The magnetoresistance effect device of this invention, includes a substrate: and a multilayer structure
formed on the substrate, the multilayer structure including a hard magnetic film, a soft magnetic film, and a
non-magnetic metal film for separating the hard magnetic film from the soft magnetic film, wherein a
magnetization curve of the hard magnetic film has a good square feature, and a direction of a magnetization
easy axis of the hard magnetic film substantially agrees to a direction of a magnetic field to be detected.

In one embodiment of the invention, the multilayer structure has a structure in which the hard magnetic
film, the soft magnetic film, and the non-magnetic metal film are stacked a plurality of times.

In another embodiment of the invention, a further magnetic film is inserted on both faces or on one face
of the hard magnetic film, a thickness of the magnetic fiim is in the range of 0.1 to 2 nm, and the magnetic
film includes at least one element selected from Co, Ni, and Fe as a main component.

In still another embodiment of the invention, the multilayer structure has a structure in which the hard
magnetic film, the soft magnetic film, the non-magnetic metal film, and the inserted magnetic film are
stacked a plurality of times.

In still another embodiment of the invention, a further magnetic film is inserted at, at least one of
interfaces between the hard magnetic film and the non-magnetic metal film and between the soft magnetic
film and the non-magnetic metal film. a thickness of the magnetic film is in the range of 0.1 to 1 nm, and
the magnetic film includes Co as a main component.

In still another embodiment of the invention, the multilayer structure has a structure in which the hard
magnetic film, the soft magnetic film, the non-magnetic metal film, and the inserted magnetic film are
stacked a plurality of times.

In still another embodiment of the invention, the soft magnetic film includes NixCoyFe; as a main
component, and in an atomic composition ratio, X is in the range of 0.6 to 0.9, Y is in the range of 0 to 0.4,
and Z is in the range of 0 to 0.3.

In still another embodiment of the invention, the soft magnetic film includes NixCoyFez as a main
component, and in an atomic composition ratio, X' is in the range of 0 to 0.4, Y' is in the range of 0.2 to
0.95, and Z' is in the range of O to 0.5.

In still another embodiment of the invention, the soft magnetic film is an amorphous magnetic film.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, the non-magnetic metal film is made of Cu.

In still another embodiment of the invention, the non-magnetic metal film has a thickness in the range of
1 nm to 10 nm.

In still another embodiment of the invention. the hard magnetic film includes Co and M as main
components, M representing Pt or two or more kinds of elements selected from a group consisting of Pt,
Cr. and Ta.

In still another embodiment of the invention, the hard magnetic film is made of a material of CoPt.

In still another embodiment of the invention, the soft magnetic film includes NixFe,_x or (NixCo,.-x)-
xFei1-x as a main component, the hard magnetic film includes CoyFe;_v as a main component, and in an
atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7 to 1.0, and Y is in the
range of 0.3 to 0.7.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In stili another embodiment of the invention, the soft magnetic film includes NixFe,.x or (NixCo-x)-
xFei-x as a main component, the hard magnetic film includes (CozFe,-z)zV,_z as a main component, and
in an atornic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7 to 1.0, Z is in the
range of 0.3 to 0.7, and Z' is in the range of 0.9 to 0.98.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, in the multilayer structure formed on the substrate, the
hard magnetic film is mainly made of Co, CoPt, or CoFe, the soft magnetic film mainly made of NiFe or
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NiFeCo, and the non-magnetic metal film is mainly made of Cu and has a thickness of 2 to 10 nm, the
multilayer structure is formed epitaxially on the substrate such that a [100] direction of each film composing
the multilayer structure is in a direction vertical to a film plane of the each film, and a magnetic field
direction to be detected is substantially a [01 1] direction of the non-magnetic metal film.

In still another embodiment of the invention, the substrate is an Si (100) single crystalline substrate, the
multilayer structure is formed on the substrate via a underlayer mainly mades of Cu.

In still another embodiment of the invention, in the multilayer structure formed on the Substrate, the

In still another embodiment of the invention, the Mmultilayer structure is formed epitaxially on the
substrate such that a [100] direction of each film composing the Multilayer structure is in a direction vertical
to a film plane of the each film, and a magnetic fie'd direction to be detected is substantially a [0171]
direction of the non-magnetic metal film.

of Co, CoPt, or CoFe, the hard magnetic film and the consecutive soft magnetic films are stacked with the
non-magnetic metai film interposed therebetween.

In still another embodiment of the invention, the non-magnetic metal film is mainly made of Cu.

In still another embodiment of the invention, the non-magnetic metal film between the consecutive soft
magnetic films is composed of a single film mainly made of Cu, the non-magnetic metal film between the
consecutive soft magnetic films and the hard magnetic film is composed of a film mainly made of Cu with
an Ag or Au film inserted therein. )

In still another embodiment of the invention. the multitayer structure is formed epitaxially on the
substrate such that a {100] direction of each film composing the multilayer structure is in a direction vertical
to a film plane of the each film, and a magnetic field direction to be detected is substantially a [011]
direction of the non-magnetic metal film.

between the consecutive soft magnetic films or the consecutive hard magnetic films.

In still another embodiment of the invention, the non-magnetic metat film between the consecutive soft

- magnetic films and the non-magnetic metal film between the consecutive hard magnetic films is a single

film mainly made of Cu, the non-magnetic meta! film between the consecutive soft magnetic film and the
hard magnetic film is composed of a film mainly made of Cu with an Ag or Au film inserted therein.

In still another embodiment of the invention, the multilayer structure is formed epitaxially on the
substrate such that a [100] direction of each film composing the multilayer structure is in a direction vertical
to a film plane of the each film, and a magnetic field direction to be detected is substantially a [011)
direction of the non-magnetic metal film.

In still another embodiment of the invention, a square ratio of the hard magnetic film is 0.7 or more.

In still another embodiment of the invention, a direction of a current flowing through the multilayer
Structure is substantially perpendicular to a film surface of the multilayer structure.

According to another aspect of the invention, a magnetoresistance effect type head includes: a
substrate; a muiltilayer structure formed on the substrate, the multilayer structure including a hard magnetic

a magnetization easy axis of the hard magnetic film substantially agrees to a direction of the signal
magnetic field guided by the yoke.
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In one embodiment of the invention, the multilayer structure has a structure in which the hard magnetic
film. the soft magnetic film, and the non-magnetic metal film are stacked a plurality of times.

In another embodiment of the invention, a further magnetic film is inserted at. at least one of interfaces
between the hard magnetic film and the non-magnetic metal film and between the soft magnetic film and
the non-magnetic metal film, a thickness of the magnetic film is in the range of 0.1 to 1 nm, and the
magpnetic film includes at least one element selected from Co, Ni, and Fe as a main component.

In still another embodiment of the invention, the multilayer structure has a structure in which the hard
magnetic film, the soft magnetic film. the non-magnetic metal film, and the inserted magnetic film are
stacked a plurality of times.

In still another embodiment of the invention, a further magnetic film is inserted on both faces or on one
face of the hard magnetic film, a thickness of the magnetic film is in the range of 0.1 to 1 nm, and the
magnetic film includes Co as a main component.

In still another embodiment of the invention, the multilayer structure has a structure in which the hard
magnetic film, the soft magnetic film, the non-magnetic metal film, and the inserted magnetic film are
stacked a plurality of times.

In still another embodiment of the invention, the soft magnetic film includes NixCovFez as a main
component, and in an atomic composition ratio, X is in the range of 0.6 to 0.9, Y is in the range of 0 to0 0.4,
and Z is in the range of 0 to 0.3.

In still another embodiment of the invention, the soft magnetic film includes NixCoyFez as a main
component, and in an atomic composition ratio, X' is in the range of 0 to 0.4, Y' is in the range of 0.2 to
0.95, and Z' is in the range of 0 to 0.5.

In still another embodiment of the invention, the soft magnetic film is an amorphous magnetic film.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, the non-magnetic metal film is made of Cu.

In still another embodiment of the invention, the non-magnetic metal film has a thickness in the range of
1 nm to 10 nm.

In still another embodiment of the invention, the hard magnetic film includes Co and M as main
components, M representing Pt or two or more kinds of elements selected from a group consisting of Pt,
Cr. and Ta.

In still another embodiment of the invention, the hard magnetic film is made of a material of CoPt.

In still another embodiment of the invention, the soft magnetic film includes NixFe,-x or (NixCo-x)-
xFei-x as a main component, the hard magnetic film includes CoyFe,-y as a main component, and in an
atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7 to 1.0, and Y is in the
range of 0.3 t0 0.7.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, the soft magnetic film includes NixFe{_x or (NixCo,_x)-
xFei-x as a main component, the hard magnetic film includes (CozFe:-z)zV.-z as a main component, and
in an atomic composition ratio, X is in the range of 0.6 to 1.0. X' is in the range of 0.7 to 1.0. Z is in the
range of 0.3 to 0.7, and Z' is in the range of 0.9 to 0.98.

In still another embodiment of the invention, the non-magnetic metal film is made of a materia! selected
from Cu, Ag. and Au.

In still another embodiment of the invention, the hard magnetic film is mainly made of Co, CoPt, or
CoFe, the soft magnetic film mainly made of NiFe or NiFeCo, and the non-magnetic metal film is mainly
made of Cu and has a thickness of 2 to 10 nm, each of the films is formed epitaxially on a substrate such
that a [100] direction of the each film is in a direction vertical to a film plane of the each film, and a
direction of the signal magnetic field is substantially a [011] direction of the non-magnetic metal film.

In still another embodiment of the invention, a square ratio of the hard magnetic film is 0.7 or more.

In still another embodiment of the invention, a direction of a current flowing through the multilayer
structure is substantially perpendicular to a film surface of the multilayer structure.

According to still another aspect of the invention, a nonvolatile memory device includes: a mag-
netoresistive change portion including a first magnetic film. a second magnetic film, and a non-magnetic
metal film for separating the first magnetic film from the second magnetic film; and conductive lines for
allowing a first current for recording information and a second current for reading-out information to produce
therethrough, magnetic fields which are respectively produced by the first current and the second current
affecting the magnetoresistive change portion, wherein a magnetization curve of the first magnetic film has
a good square feature, the first magnetic film having a coercive force capable of inverting a magnetization

Aemanmnas



20

25

30

35

40

45

50

55

EP 0 681 338 A1

of the first magnetic film by the magnetic field produced by the first current but incapable of inverting the
magnetization of the first magnetic film by the magnetic field produced by the second current, the second
magnetic film having a coercive force capable of inverting a magnetization of the second magnetic film by

nondestructively read out.

in one embodiment of the invention, the magnetoresistive change portion has a structure in which the
first magnetic film, the second magnetic film, and the non-magnetic metal film are stacked a plurality of
times.

in another embodiment of the invention, a further magnetic film is inserted on both faces or on one face
of the first magnetic film, a thickness of the magnetic film is in the range of 0.1 to 2 nm, and the magnetic
film includes at least one element selected from Co, Ni, and Fe as a main component.

In still another embodiment of the invention, the magnetoresistive change portion has a structure in
which the first magnetic film, the second magnetic film, the non-magnetic metal film, and the inserted
magnetic film are stacked a plurality of times.

In still another embodiment of the invention, a further magnetic film is inserted at, at least one of
interfaces between the first magnetic film and the non-magnetic metal film and between the second
magnetic film and the non-magnetic metal film, a thickness of the magnetic film is in the range of 0.1 to 1
nm, and the magnetic film includes Co as a main component.

In still another embodiment of the invention, the magnetoresistive change portion has a structure in
which the first magnetic film, the second magnetic film, the non-magnetic metal film, and the inserted
magnetic film are stacked a plurality of times.

‘In still another embodiment of the invention, the magnetoresistive change portion includes a plurality of
first magnetic films, the plurality of first magnetic films having respective coercive forces which are different
from each other.

In still another embodiment of the invention, a magnetization easy axis of the first magnetic film
substantially agrees to directions of the magnetic fields produced by the first current and the second
current flowing through the conductor lines.

In still another embodiment of the invention, the second magnetic film includes NixCoyFe; as a main
component, and in an atomic composition ratio, X is in the range of 0.6 to 0.9, Y is in the range of 0 to 0.4,
and Z is in the range of 0 to 0.3.

In still another embodiment of the invention, the second magnetic film includes Nix-CoyFez as a main
component, and in an atomic composition ratio, X' is in the range of O to 0.4, Y' is in the range of 0.2 to
0.95, and Z' is in the range of 0 to 0.5.

In still another embodiment of the invention, the second magnetic film is an amorphous magnetic film.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, the non-magnetic metal film is made of Cu.

In still another embodiment of the invention, the non-magnetic metal film has a thickness in the range of
1 nm to 10 nm.

In stili another embodiment of the invention, the first magnetic film includes Co and M as main
components, M representing Pt or two or more kinds of elements selected from a group consisting of Pt,
Cr, and Ta.

In still another embodiment of the invention, the first magnetic film is a semi-hard magnetic film.

In still another embodiment of the invention, the second magnetic film includes NixFe,_x or (NixCo, _x)-
xFei_x as a main component, the first magnetic film includes CoyvFe -y as a main component, and in an
atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7 to 1.0, and Y is in the
range of 0.3 to 0.7.

In stili another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, the second magnetic film includes NixFe,-x or (NixCo;-x)-
xFei-x as a main component, the first magnetic film includes (CozFe,_7)2V,_5 as a main component, and
in an atomic composition ratio, X is in the range of 0.6 to 1.0. X' is in the range of 0.7 to 1.0, Zis in the
range of 0.3 to 0.7, and Z' is in the range of 0.9 to 0.98.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, the first magnetic film is mainly made of Co, CoPt, or
CoFe, the second magnetic film mainly made of Nife or NiFeCo. and the non-magnetic metal film is mainly
made of Cu and has a thickness of 2 to 10 nm, each of the films is formed epitaxially on a substrate such
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that a [100] direction of the each film is in a direction vertical to a film plane of the each film, and a
direction of the magnetic field produced by the first current is substantially a [011] direction of the non-
magnetic metal film.

In still another embodiment of the invention, a square ratio of the first magnetic film is 0.7 or more.

According to still another aspect of the invention. an amplifying device includes: a magnetoresistive
change portion including a first magnetic film, a second magnetic film, and a non-magnetic metal film for
separating the first magnetic film from the second magnetic film; and conductive lines for allowing a signal
current to flow therethrough, a magnetic field which is produced by the signal current affecting the
magnetoresistive change portion, wherein a magnetization curve of the first magnetic film has a good
square feature, the first magnetic film having a coercive force incapable of inverting a magnetization of the
first magnetic film by the magnetic field produced by the signal current, the second magnetic film having a
coercive force capable of inverting a magnetization of the second magnetic film by the magnetic field
produced by the signal current.

In one embodiment of the invention, the magnetoresistive change portion has a structure in which the
first magnetic film, the second magnetic film, and the non-magnetic metal film are stacked a plurality of
times.

In another embodiment of the invention, a further magnetic film is inserted on both faces or on one face
of the first magnetic film, a thickness of the magnetic film is in the range of 0.1 to 2 nm, and the magnetic
film includes at least one element selected from Co, Ni, and Fe as a main component.

In still another embodiment of the invention, the magnetoresistive change portion has a structure in
which the first magnetic film, the second magnetic film, the non-magnetic metai film, and the inserted
magnetic film are stacked a plurality of times.

In still another embodiment of the invention, a further magnetic film is inserted at, at least one of
interfaces between the first magnetic film and the non-magnetic metal film and between the second
magnetic film and the non-magnetic metal film, a thickness of the magnetic film is in the range of 0.1 to 1
nm, and the magnetic film includes Co as a main component.

fn still another embodiment of the invention, the magnetoresistive change portion has a structure in
which the first magnetic film, the second magnetic film, the non-magnetic metal film, and the inscrted
magnetic film are stacked a plurality of times.

In still another embodiment of the invention, the second magnetic film includes NixCovFez as a main
component, and in an atomic composition ratio, X is in the range of 0.6 to 0.9, Y is in the range of 0 to 0.4,
and Z is in the range of 0 to 0.3.

In still another embodiment of the invention, the second magnetic film includes Nix-Coy-Fez as a main
component, and in an atomic composition ratio, X' is in the range of 0 to 0.4, Y' is in the range of 0.2 to
0.95, and Z' is in the range of 0 to 0.5.

In still another embodiment of the invention, the second magnetic film is an amorphous magnetic film.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, the non-magnetic metal film is made of Cu.

In still another embodiment of the invention, the non-magnetic meta! film has a thickness in the range of
1 nm to 10 nm.

In still another embodiment of the invention, the first magnetic film is a hard magnetic film.

In still another embodiment of the invention, the first magnetic film includes Co and M as main
components, M representing Pt or two or more kinds of elements selected from a group consisting of Pt,
Cr, and Ta.

In still another embodiment of the invention, the second magnetic film includes NixFe,_x or (NixCo,_y)-
xFei-x as a main component, the first magnetic film includes CoyFe,_y as a main component, and in an
atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7 to 1.0, and Y is in the
range of 0.3 to 0.7.

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

In still another embodiment of the invention, the second magnetic film includes NixFe,_x or (NixCo,-x)-
xFei-x as a main component, the first magnetic film includes (CozFe,-3)7Vi-.> main componertt, and in an
atomic compaosition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7 10 1.0, Z is in the range of
0.31t0 0.7, and Z' is in the range of 0.9 to 0.98. '

In still another embodiment of the invention, the non-magnetic metal film is made of a material selected
from Cu, Ag, and Au.

0681338A1 | >
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Thus, the invention described herein makes possible the advantages of (1) providing a high-sensitive
magnetoresistive device and a magnetoresistance effect type head which can operate at a weak magnetic
field, and which exhibit a relatively large MR ratio. and (2) providing a nonvolatile memory device and an
amplifying device which can perform nondestructive read-out without using any semiconductors.

upon reading and understanding the following detailed description with reference to the accompanying
figures.

BRIEF DESCRIPTION OF THE DRAWINGS
= 7 YT Ak DRAWINGS

according to the invention. Figure 2A shows the construction of a sandwich-type magnetoresistance effect
device, and Figure 2B shows the construction of a stacked-type magnetoresistance effect device.

Figure 3 is a view showing the construction of a magnetoresistance effect type head according to the
invention.

Figure 4 is a view showing the construction of a memory device and an amplifying device according to
the invention. o

Figure 5 is a view showing the construction of a memory device which is capable of recording multi-
value information according to the invention.

Figures 6A to 6D are diagrams for illustrating the operation of a memory device according to the
invention.

Figures 7A to 7C are diagrams for illustrating the operation of a memory device capable of recording
multi-value information according to the invention.

Figures 8A to 8C are diagrams for illustrating the operation of an amplifying device according to the
invention.

Figures 9A to 9C are diagrams for showing the relationship between the square feature of the
magnetization curve of a hard magnetic film 1 (or a magnetic film 1') and an MR curve of a mag-
netoresistance effect device of the invention.

Figure 10 is a graph showing an MR curve of a magnetoresistance effect device having a structure of
(NiFeCo/Cu/CoPyCu] according to the invention.

Figure 11 is a graph showing an MR curve of an [NiFe/Cu/Co/Cu] artificial multilayer using magnetic
films having different coercive forces of a prior art.

Figure 12 is a graph showing an MR curve of an anti-ferromagnetic coupling type [NiFeCo/Cu/Co/Cu]
artificial multilayer of a prior art.

Figure 13 is a graph showing an MR curve of an [NiFe/Cu/NiFe/FeMn] spin valve film using an anti-
ferromagnetic film of a prior art.

Figure 14 is a graph showing an MR curve of a magnetoresistive changing portion of a memory device
according to the invention.

Figures 15A and 15B are diagrams showing arrangement examples of conductor lines in a memory
device according to the invention.

Figures 16A and 16B are partial cross-sectional views showing the configurations and the spin
alignment directions in the respective magnetic films of a magnetoresistance effect device according to the
present invention.

Figure 17 is a graph showing an MR curve indicating the variation of the Saturation magnetic field Hs in
accordance with the addition of V in a magnetoresistance effect device according to the present invention.

Figure 18 is a graph showing the variation of an MR curve in accordance with the thickness of the
magnetic films 21 and 23in a magnetoresistance effect device according to the present invention.
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Figure 19 is a graph showing the relationship between the magnetic field H and the resistance variation
ratio AR/R in a magnetoresistance effect device according to the present invention.

Figures 20A and 20B are views showing the input/output characteristics of a memory device according
to the present invention.

Figure 21 is a sectional view of a magnetoresistance effect device according to the present invention.

Figure 22 is a sectional view of another magnetoresistance effect device according to the present
invention.

Figure 23 is a sectional view of still another magnetoresistance effect device according to the present
invention.

Figure 24 is a sectional view of still another magnetoresistance effect device according to the present
invention.

Figure 25 is a structural view of a memory device/an amplifier including a multilayer device portion.

Figure 26 is a graph showing the MR curves of an Si(100)/Cu(SYNiFe(10)/Cu(2.4)/Ag(0.2)/Cu(2.4)/Co-
(10) device of the present invention.

Figures 27A and 27B are graphs showing the MR curves of a device A9 of the present invention and a
glass/Cr(5)/{Co(3)/Cu(B)NiFe(3)/Cu(6)]'® device as a comparative example.

Figures 28A through 28D are graphs showing the MR curves of a device B9 of the present invention
where x is 0, 0.1, 0.2, and 0.4, respecitively.

Figure 29 shows a structure for a magnetic head according to the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention relates to a hard-film spin valve and a magnetoresistance effect device using
muttilayered hard-film spin valves . Unlike a conventional spin valve using an anti-ferromagnetic film of a
conventional material such as Fe-Mn, in the hard-film spin valve of the invention, a unidirectionally
magnetized hard magnetic film performs similar functions to the anti-ferromagnetic film.

Figure 1A shows the construction of a magnetoresistance effect device of the invention. The mag-
netoresistance effect device includes a substrate 7 and a multilayer structure formed on the substrate 7.
The multilayer structure includes a hard magnetic film 1, a non-magnetic metal film 2, and a soft magnetic
film 3. In this specification, a device portion having such a multilayer structure is referred to as a
magnetoresistive device portion. The magnetization curve of the hard magnetic film 1 has a good square
feature, and hence the magnetization of the hard magnetic fitm 1 is not inverted in a weak magnetic field.
The hard magnetic film 1 is formed so that the direction of the magnetization easy axis of the hard
magnetic film 1 is substantially equal to the direction of the magnetic field to be detected. The "direction of
the magnetic field to be detected" is typically identical with the direction of the signal magnetic field applied
to the magnetoresistance effect device. However, in exceptional cases, the direction of the magnetic field to
be detected may be different from the direction of the signal magnetic field to be applied to the
magnetoresistance effect device. For example, the case where the direction of the signal magnetic field
which is externally entered is bent by an L-shaped yoke is one of the exceptional cases. The non-magnetic
metal film 2 is provided between the hard magnetic film 1 and the soft magnetic film 3 in order to reduce
the force of the magnetic coupling between the hard magnetic film 1 and the soft magnetic film 3. The
magnetization of the soft magnetic film 3 can be easily inverted in a weak magnetic field. The soft magnetic
film 3 is isolated from the magnetic coupling to the hard magnetic film 1 by the non-magnetic metal film 2.

In this specification, a magnetic fitm having a coercive force of 20 Oe or more is referred to as "a hard
magnetic film", and a magnetic film having a coercive force less than 20 Qe is referred to as "a soft
magnetic film". in addition, a hard magnetic film having a coercive force smaller than 100 Oe is referred to
as "a semi-hard magnetic film". The value of a coercive force used in this specification is a value obtained
by measuring with an AC of a relatively low frequency range (e.q., 60Hz).

In the case where the hard magnetic film 1 is unidirectionally magnetized by using a ferromagnetic
field, when a weak signal magnetic field having a direction opposite to the direction in which the hard
magnetic film 1 is magnetized, is applied to the magnetoresistance eifect device, the magnetization of the
hard magnetic film 1 is not inverted, but the magnetization of the soft magnetic film 3 is inverted into the
direction of the signal magnetic field. As a result, the magnetization direction of the hard magnetic film 1 is
anti-parallel to the magnetization direction of the soft magnetic film 3. When the magnetization direction of
the hard magnetic film 1 is anti-paralle! to that of the soft magnetic film 3, the electrons in a current fltowing
through the magnetoresistance effect device is subjected to magnetic scattering at interfaces between the
hard magnetic film 1 and the non-magnetic metal film 2, and between the non-magnetic metal film 2 and
the soft magnetic film 3. As a result, the resistance of the magnetoresistance effect element is increased.
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On the other hand, when a weak signal magnetic field having the same direction as the direction in which
the hard magnetic film 1 is magnetized is applied to the magnetoresistance effect device, the magnetization

mentioned magnetic Scattering is reduced, so that the resistance of the magnetoresistance effect device is
lowered. On the basis of the above-described principle, the magnetoresistance effect device varies its
electric resistance depending on the change of the signal magnetic field.

Figure 1B shows another construction of a magnetoresistance effect device according to the invention.
The magnetoresistance effect device shown in Figure 1B includes a structure in which a structure of [the
hard magnetic film 1 / the non-magnetic metal film 2 / and the soft magnetic film 3] shown in Figure 1A is
stacked a plurality of times via the non-magnetic metal film 2. Such a stacked structure is represented by
[the hard magnetic film 1 / the non-magnetic metal film 2 / the soft magnetic film 3 / the non-magnetic
metal film 2]N (N indicates the number of repetitions). By adopting such a stacked structure, the magnetic
Scattering at the interfaces between the respective films is increased. Thus, it is possible to obtain a
magnetoresistance effect device having a larger MR ratio. Moreover, if a current is caused to flow in a
direction perpendicular to the film face of the magnetoresistive device portion having such a stacked
structure formed by using a lithography technique or the like, the magnetic scattering at the interfaces
between the respective films is further increased. Accordingly, it is possible to obtain a magnetoresistance
effect device having a much larger MR ratio.

Figure 3 shows the construction of a magnetoresistance effect type head according to the invention. A
substrate 7 includes a ferrite 7-1, or a Co-based amorphous film such as CoNbZr or the like formed on a

which is guided by the yoke 4.

If necessary, a conductor line for a bias magnetic field for applying a bias to the above-mentioned
magnetoresistive device portion having the multilayer structure can be provided in the vicinity of the
magnetoresistive device portion. Alternatively, in order to make at least the soft magnetic film 3 of the
magnetoresistive device portion into a single magnetic domain, an anti-ferromagnetic film or a hard
magnetic film may be attached to the end of the magnetoresistive device portion.

Figure 4 shows the construction of a memory device according to the invention. The memory device
includes a magnetoresistive change portion 11 and a conductor line § for allowing a current to flow. The
conductor line 5 is disposed in the vicinity of the magnetoresistive change portion 11 so that the magnetic
field produced by the current flowing through the conductor line 5 affects the magnetoresistive change
portion 11. The magnetoresistive change portion 11 is insulated from the conductor line § by the insulating
film 6.

The magnetoresistive change portion 11 includes a magnetic film 1', a non-magnetic metal film 2, and a
soft magnetic film 3. The magnetization curve of the magnetic film 1* exhibits a good square feature, so that
the magnetization of the magnetic film 1* is not inverted in a weak magnetic field. The non-magnetic metal
film 2 is provided between the magnetic film 1' and the soft magnetic film 3 in order to reduce the magnetic
coupling force between the magnetic film 1' and the soft magnetic film 3. The magnetization of the soft
magnetic film 3 can be easily inverted even in a weak magnetic field. The soft magnetic film 3 is isolated
from the magnetic coupling 5 the magnetic film 1' by the non-magnetic metal film 2.

The magnetic film 1' has a coercive force which is larger than that of the soft magnetic film 3.
Moreover, the magnetic film 1' is required to have a coercive force smaller than the maximum magnetic
field produced by the current flowing through the conductor line 5, so that the magnetization can be
inverted by the magnetic field produced by the conductor line §. The purpose for the requirement is to
represent the information to be stored in the memory device in accordance with the direction of the
magnetization of the magnetic film 1'. Once the magnetic film 1'is magnetized by a magnetic field which is
stronger than the coercive force of the magnetic film 1, the magnetization of the magnetic film 1' cannot be
inverted by a magnetic field which is smaller than the coercive force of the magnetic film 1°.

10



Alimmamin

10

20

25

30

35

40

45

50

55

EP 0 681 338 A1

Hereinafter, the operation of a memory device according to the invention will be described.

The magnetoresistive change portion 11 can be constituted so as to include a structure in which the
structure of [the magnetic film 1'/ the non-magnetic metal film 2 / the soft magnetic film 3] shown in Figure
4 is stacked a plurality of times via the non-magnetic metal film 2. In such a case, it is possible to obtain a
memory device having a larger MR ratio.

In the case where information is to be stored in a memory device, a current for storing information is
caused to flow through the conductor fine 5. By a magnetic field produced by the current for storing
information, the magnetization of the magnetic film 1' and the magnetization of the magnetic film 3 are
inverted. In the magnetic film 1', information is stored in accordance with the direction of the magnetization
of the magnetic film 1'. For example, in the case where the direction of the magnetization of the magnetic
film 1' is indicated by the right-pointing arrow shown in Figure 6A, the information to be stored is "1". In the
case where the direction of the magnetization of the magnetic film 1" is indicated by the left-pointing arrow
shown in Figure 8A, the information to be stored is "0".

In order to read-out information from the memory device, a weak current for reading-out information is
used. When a weak magnetic field having a direction opposite to that of the magnetization of the magnetic
film 1" is applied to the magnetoresistive change portion 11 by the weak current for reading-out information,
the magnetization of the magnetic film 1° is not inverted, but the magnetization of the soft magnetic film 3 is
inverted into the direction of the weak magnetic field. As a result, the direction of the magnetization of the
magnetic film 1 is anti-parallel to that of the magnetization of the soft magnetic film 3, so that the resistance
of the magnetoresistive change portion 11 is increased. On the other hand, when a weak magnetic field
having the same direction as that of the magnetization of the magnetic film 1' is applied to the
magnetoresistive change portion 11 by the weak current for reading-out information, the magnetization of
the magnetic film 1'is not inverted, but the magnetization of the soft magnetic film 3 is inverted into the
direction of the weak magnetic field. As a result, the direction of the magnetization of the magnetic film 1'is
parallel to that of the magnetization of the soft magnetic film 3, so that the resistance of the mag-
netoresistive change portion 11 is decreased.

In the case where information is to be read-out from the memory device, a weak current for reading-out
information is first caused to flow through the conductor line 5 in a certain direction (initialization by weak
current), and then a weak current for reading-out information is caused to flow through the conductor line §
in a direction opposite to the certain direction (reversal of weak current). For example, Figure 6B shows the
case where a weak current is caused to flow through the conductor line 5 in a direction perpendicular to the
drawing sheet from the back face to the front face thereof (initialization by weak current), and Figure 6C
shows the case where a weak current is caused to flow through the conductor line § in a direction
perpendicular to the drawing sheet from the front face to the back face thereof (reversal of weak current).

The information stored in the magnetic film 1' is detected as the change of the resistance of the
magnetoresistive change portion 11. For example, when the information stored in the magnetic body 1'is
"1", the resistance of the magnetoresistive change portion 11 during the reversal of weak current is
increased as compared with the case of the initialization by weak current. When the information stored in
the magnetic body 1'is "0", the resistance of the magnetoresistive change portion 11 during the reversal of
weak current is decreased as compared with the case of the initialization by weak current (see Figure 6D).
In this way, the information store in the magnetic film 1' can be read-out in a nondestructive manner. The
weak current may be a pulse-type weak current.

Figure § shows another construction of a memory device according to the invention. The memory
device shown in Figure 5 has a structure in which a structure of [the magnetic film 1' / the non-magnetic
metal fim 2 / the soft magnetic film 3] shown in Figure 4 is stacked a plurality of times via the non-
magnetic metal film 2. In addition, the coercive forces of the plurality of magnetic films 1' included in the
stacked structure are different from each other. If the number of magnetic films 1' in which the
magnetization thereof is not inverted by a predetermined signal magnetic field is related to a desired value,
multivalue information can be stored in the plurality of magnetic films 1'. In this way, it is possible to obtain
a memory device capable of storing multivalue information. For example, such a memory device operates
as shown in Figures 7A to 7C.

The construction of an amplifying device according to the invention is the same as that of the above-
described memory device according to the invention except for the coercive forces of the magnetic films 1°.
Theretore, the detailed description thereof is omitted.

Next, the operation of the amplifying device according to the invention will be described.

First, the amplifying device is initialized (see Figure 8A). That is, a strong current pulse is caused to
flow through the conductor line 5, the magnetization of the magnetic film 1' is fixed in one direction. The
amplifying device is constituted so that the magnetization easy axis of the magnetic film 1' substantially
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agrees with the direction of the magnetic field produced by the strong current pulse.

Then, in order to perform the amplifying operation, a weak current proportional to an input voltage is
caused to flow through the conductor fine 5 (see Figure 8B). By the weak magnetic field caused by the
alternating weak current, a rotation of the magnetization of the magnetic film 1' (or movement of magnetic
domain walls) does not occur, but a rotation of the magnetization of the soft magnetic film 3 (or movement
of magnetic domain walls) occurs. Accordingly. the resistance of the magnetoresistive change portion 11
including the structure of [the magnetic film 1* / the non-magnetic metal film 2 / the soft magnetic film 3] is
varied depending on an angle formed by the direction of the magnetization of the magnetic film 1' and the
direction of the magnetization of the magnetic film 3. As a result, an amplified output can be obtained (see
Figure 8C).

into the memory device, it is necessary to invert the magnetization of the magnetic film 1'. In view of the
reliability, it is desired that the magnetic film 1 is a hard magnetic film. However, in view of the reduction of
the current for storing information, it is desired that the magnetic film 1 is a semi-hard magnetic film.,

In the amplifying device according to the invention, it is desired that the magnetic film 1* is a hard
magnetic film, because the magnetization of the magnetic film 1' is required not to be inverted by the signal
magnetic field. However, in practice, there is no problem if the magnetic film 1’ is not necessarily a hard
magnetic film, as far as the magnetic film 1'is a magnetic film having a magnetization curve with a good

In addition, in the above-described magnetoresistance effect device, the magnetoresistance effect type
head, the memory device, and the amplifying device, a magnetic film 3' may be inserted at, at least one of
the interface between the magnetic film 1 (or the magnetic film 1') and the non-magnetic metal film 2, and
the interface between the soft magnetic film 3 and the non-magnetic metal film 2. In this case, it is
preferred that the magnetic film 3'is a magnetic film including Co as a main component. It is preferred that
the magnetic film 3' has a thickness of 0.1 to 1 nm. In the case where the thickness of the magnetic film 3*
is 0.1 nm or less, the effect for improving the MR ratio is small. On the other hand, it is not desired that a

film 3' as described above, the magnetic scattering at the respective interfaces of the films is increased. As
aresult, it is possible to obtain a device with a larger MR ratio.

Alternatively, a magnetic film 3' may be inserted between the hard magnetic film 1 (or the magnetic film
1') and the non-magnetic metal film 2. The magnetic film 3’ is provided on both faces or on one face of the
hard magnetic film 1 (or the magnetic film 1°). In this case. it is sufficient that the thickness of the magnetic
film 3'is set in the fange of 0.1 to 2 nm. It is also sufficient that the composition of the magnetic film 3'
includes at least one element selected from Co, Ni, Fe as the main component. If the thickness of the
magnetic film 3'is smaller than 0.1 nm, the effect for improving the MR ratio is small. On the other hand, if
the thickness of the magnetic film 3'is 2 nm or more, the square feature of the magnetization curve and the
coercive force of the hard magnetic film 1 (or the magnetic film 1') may be easily degraded. In the case
where the magnetoresistance effect device is used for the magnetic head and the like, it is especially
"is 1 nm or less. This is because that the magnetization
curve of the magnetic film 1 exhibits a good square feature, and the magnetic film 1 is required to be a
hard magnetic film having a relatively large coercive force.

Figure 2A shows an example in which, in the sandwich-type magnetoresistance effect device shown in
Figure 1A, the magnetic film 3' is inserted at the interface between the hard magnetic film 1 (or the
magnetic film 1') and the non-magnetic metal film 2.

Figure 2B shows an example in which, in the Stacked-type magnetoresistance effect device shown in
Figure 1B. the magnetic film 3' is inserted at the interface between the hard magnetic fiim 1 {or the
magnetic film 1Y) and the non-magnetic metal film 2. In Figure 2B, the magnetic film 3' is provided on both -
faces of the hard magnetic film 1 (or the magnetic film 1°). It is also appreciated that the magnetic fiim 3*
may be provided on only one face of the hard magnetic film 1 (or the magnetic film 1'). The mag-
netoresistance effect device shown in Figure 2B shows a larger MR ratio, as compared with the
magnetoresistance effect device shown in Figure 2A.
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In the case where the stacked-type magnetoresistance elfect device as shown in Figures 1B and 2B is
used. it is preferred that the respective thicknesses of the hard magnetic film 1 (or the magnetic film 1'), the
non-magnetic metal film 2, the soft magnetic film 3, and the magnetic film 3" are not so large, considering
the mean free path of electrons. The MR ratio is increased as the stacked number of components is
increased. When the components are stacked three times or more, the effect is remarkably observed. When
the components are stacked ten times or more, the effect is substantially saturated. In view of the sheet
resistance, the stacked number of films is desired to be five times or less, except for the cases where a
current is caused to flow in a direction perpendicular to the film face during the operation.

It is necessary that the magnetization curve of the hard magnetic film 1 (or the magnetic film 1') has a
good square feature. In this specification. a "good square feature™ is defined so that the square ratio S (=
remnant magnetization / saturation magnetization) is 0.7 or more.

Figures 9A to 9C show the relationships between the square ratio S of the hard magnetic film 1 (or the
magnetic film 1') and the MR curve of the magnetoresistance effect device according to the invention. As is
seen from Figures 9A to 9C, when the square ratio S is smaller than 0.7, the MR curve in the vicinity of the
zero magnetic field is deteriorated. The deterioration of the MR curve in the vicinity of the zero magnetic
field may deteriorate the reproduction sensitivity and the linearity of the magnetoresistive type head and the
amplifying device, and also a memory device may erroneously operate during the recording and reproduc-
tion due to the erroneous operation of magnetization inversion of the magnetic film 1'. As described above,
it is important that the hard magnetic film 1 {(or the magnetic film 1°) is unidirectionally magnetized, and
hence the magnetic film has such a character that the magnetized state is kept and the magnetization is not
inverted in a weak magnetic field.

In the magnetoresistance effect type head according to the invention, the magnetization of the magnetic
film 1 is fixed in one direction. Accordingly, the magnetic film 1 is required to be a hard magnetic film
having a large coercive force, and it is desired that the coercive force in the bulk state or in the thick film
state of a film of the same composition is 500 Oe or more. In addition, it is desired that the magnetic film 1
has a good corrosion resistance. Examples of the material for the magnetic film 1 include
COO_75Pto,zs.COo,&gTau_ogCFO_I4, C00,7gptg_|0CI’o_|2. COo_sFeg_s, and the like. At present, in view of the coercive
force and the corrosion resistance, CoPt is the most suitable material. In view of the MR ratio, CoFe is the
most suitable material. The Curie temperatures of these films are sufficiently higher than the Neel
temperature of the Fe-Mn film which is used in the conventional spin valve. Thus, the dependence of the
characteristics of these films on temperature can advantageously be reduced.

In the memory device according to the invention, it is again important that the magnetization curve of
the magnetic film 1' has a good square feature, but the coercive force of the magnetic film 1' is not so
important. During the information recording, it is necessary to invert the magnetization of the magnetic film
1' by allowing a current to flow through the conductor line. Accordingly, the magnetic film 1' may
alternatively be a semi-hard magnetic film of CopsFeqs, Co, or the like. The coercive force of the magnetic
film 1*' can be adjusted by changing the film thickness. In such an application, the magnetic film 1' may be
a semi-hard magnetic film of Cog Pty 2 or the like having a thickness of 3 nm or less.

In the amplifying device according to the invention, the magnetization of the magnetic film 1' is fixed in
one direction. Accordingly, it is desired that the magnetic film 1'is made of a hard magnetic material having
a large coercive force. However, in practical use. the magnetic film 1' may be made of a semi-hard
magnetic material. This is because the signal current which flows through the conductor line § is very small,
so that the magnetic field produced by the signal current is also very small.

The magnetic film 3 is required to have a soft magnetic property in which the magnetization can easily
be inverted by a small magnetic field so that the magnetoresistance can easily be changed. Also, it is
preferred that the soft magnetic film 3 is a film with low magnetostriction. This is because, if a film has high
magnetostriction in practical use, it may often cause a noise, and there occurs a variation in characteristics
among the fabricated devices. In order to satisty the above-mentioned conditions, it is desired that an Ni-
rich soft magnetic film having the following material as the main component:

NixCOYFez (1 )
and the atomic composition ratio of the materia! is:
X =06t09. Y =0tc004,andZ = 0t00.3 (1"

Representative examples of such a material include NiggFeq15Coo.0s, NigsFeo.1C0n1, NigssCooaFeoq2 and
the like. Alternatively, if a Co-rich soft magnetic film is used, a large change of magnetoresistance can be
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Obtained. although such a film is inferior to the above-mentioned Ni-rich soft magnetic film in the soft
magnetic property. A Co-rich soft magnetic film includes the following material as the main component:

Nix‘COy'Fez' (2)
and the atomic composition ratio of the material is:
X'=0t004,Y =021t0095 and Z' = 0to 0.5 2.

Representative examples of such a film include Cog.4aFeq 3Nig 26, CoggFeg oNig 5, C00,7Feov_2Niol1 and the like.
When the composition ratios of these films satisfy the conditions of (1) and (2'), the low magnetostriction
which is required for the magnetoresistance effect device such as a sensor or an MR head can be attained
(i-e., the magnetostriction is at about 1 x 105 or less).

Alternatively, the soft magnetic film 3 may be a Co-based amorphous alloy film. The Co-based
amorphous alloy film has such a disadvantage that the specific resistance is somewhat higher as compared
with the above-described materials for the soft magnetic film, but has such advantages that the magnetiz-

Coo.75Feg 05By 2.

The non-magnetic metal film 2 is desired to be less reactive and to be difficult to form a solid solution
at the interface with the hard magnetic film 1 (or the magnetic film 1°) and at the interface with the soft.
magnetic film 3. Also, the non-magnetic metal film 2 is required to be a film which can form a flat and clear
interface with the magnetic film. In addition, the non-magnetic metal film 2 is required to be non-magnetic,
in order to cut the magnetic coupling between the hard magnetic film 1 (or the magnetic film 1') and the

more, the MR ratio of the whole device is reduced. Accordingly, it is necessary to set the thickness of the
non-magnetic metal film 2 to be 10 nm or less. Preferably, the thickness thereof is set to be 5 nm or less.

at least one element selected from Ni, Co, and Fe as the main component. Alternatively, the magnetic film
3' may be made of Co. CoggFeq; or Cop.44Feg 3Nig o6, CoopeNig2Feg ., Cog.7FegoNig; or the like for the
above-mentioned soft magnetic film 3.

The yoke 4 of the magnetic head shown in Figure 3 is desired to be soft magnetic and to have high
magnetic transmittance. As the yoke 4, a Co-based amorphous magnetic alloy film is suitably used. As an
example thereof, Co0.8Nbyg 1271 o6 is used.

The conductor line 5 of the memory device (or the amplifying device) shown in Figure 4 is a low-

intersect each other on respective devices as shown in Figure 15B.

In Figure 15A, Mi (i =11t03;j=1to 3) indicates a magnetoresistive change portion, W, to W;
indicate conductor lines (word lines), and S; to S; indicate sense lines. The sense lines S; to S3 are
formed by the magnetoresistive change portions M;; (shaded portions in the figure) and shunting conductor
portions (white portions in the figure). For example, when information is to be stored into a magnetoresistive
change portion M;;, a current is allowed to flow through the word line Wi and the sense line S;. As a
result, information is stored in the magnetoresistive change portion M, by a synthetic magnetic field
produced by the current flowing through the word line W, and the sense line Si. When the information
stored in the magnetoresistive change portion My, is to be reproduced, a pulse current is allowed to flow
through the word line W, . By detecting the change of resistance of the sense line S; which is caused by
the current flowing through the word line W, , the information stored in the magnetoresistive change portion
M1 can be read out.

In Figure 15B, M;(i=1t02j=1t 3) indicates a magnetoresistive change portion, W, to W, and
W' and W'; indicate conductor lines (word lines), and S1 and S, indicate sense lines. The sense lines S
and S; are formed by the magnetoresistive change portions M;; (shaded portions in the figure) and shunting
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conductor portions (white portions in the figure). For example, when information is to be stored into a
magnetoresistive change portion My, a current is allowed to flow through the word line W, and the word
line W%. As a result, information is stored in the magnetoresistive change portion Mi; by a synthetic
magnetic field produced by the current flowing through the word line W, and the word line W',. When the
information stored in the magnetoresistive change portion M;;* is to be reproduced, a pulse current is
allowed to flow through the word line W, . By detecting the change of resistance of the sense line S, which
is caused by the current flowing through the word line W,, the information stored in the magnetoresistive
change portion M, can be read out.
Hereinafter, the invention will be described by way of specific examples.

(Example 1)

By using Nig sC0g2Feg.12 (the soft magnetic film 3), Cu (the non-magnetic metal film 2), and Cog.75Ptg25
(the hard magnetic film 1) as targets (the composition ratios are all indicated by atomic %), the sandwich-
type magnetoresistive device as shown in Figure 1A and the stacked-type magnetoresistive device as
shown in Figure 1B were fabricated on a substrate by a muiti-target sputtering apparatus. The sandwich-
type magnetoresistive device had the following structure:

A : the substrate / CoNiFe (15) / Cu (2.2) / CoPt (10) (parenthesized values indicate the thicknesses (nm)),
and

the stacked-type magnetoresistive device had the following structure:

A' : the substrate / [CoNiFe (3) / Cu (2.2) 7/ CoPt (5) / Cu (2.2)F.

The respective film thicknesses were controlled by using a shutter, and CoPt of the hard magnetic film 1
was magnetized. Then, the MR characteristics of the obtained devices were measured at room temperature
in the applied magnetic field of 100 Oe. The MR ratios for the devices having the structures A and A' were
4% and 6%, respectively. The widths of the magnetic field in which the MR was varied were 3 Ce and 5
Oe, respectively. From this figure, the following facts are found. As compared with the case where a
magnetic film having different coercive forces is used as shown in Figure 11, the device of the invention
can operate in a very weak magnetic field and the linearity property is improved. As compared with the anti-
ferromagnetic coupling type shown in Figure 12, the operating magnetic field of the device of the invention
is small. As compared with the spin valve using the anti-ferromagnetic film shown in Figure 13, the device
of the invention has an improved MR ratio.

(Example 2)

In the same way as that in Example 1. by using Cog 75Pto 25 (the hard magnetic film 1), Cog ;Nig Feq ., -
(the soft magnetic film 3), and Cu (the non-magnetic metal film 2) as targets, the hard magnetic film 1, the
non-magnetic metal film 2, the soft magnetic fitlm 3, and the non-magnetic metal film 2 were sequentially
deposited. Thus, a muitilayer film having the following structure was fabricated:

B : the substrate / [NiCoFe (6) / Cu (2.2) / CoPt (5) / Cu (2.2)]%°.

The material of CoPt of the hard magnetic film 1 was magnetized, and then the hard magnetic film 1 was
made to have a columnar shape of 25 um x 25 um by using a lithography technique. Thereafter, the MR
characteristics of the device were measured by a 4-terminal method using lithography. The MR ratio was

18% in the applied magnetic field of 100 Oe, and the width of the magnetic field in which the MR was
varied was 20 Oe.

(Example 3)

On a substrate including a ferrite (7-1) and an insulating film (7-2), the hard magnetic film 1, the non-
magnetic metal film 2, and the soft magnetic film 3 were sequentially deposited by a multi-target sputtering
apparatus by using CogssPtg2s (the hard magnetic film 1), Cu (the non-magnetic metal film 2), and
Nip 65C0p oFeg 12 (the soft magnetic film 3) as targets. The material of CoPt of the hard magnetic film 1 was
magnetized. An insulating film 6 and CoNbZr were deposited lhereon by using SiO2 (the insulating film 6)
and Cog.g2Nbyg 1221006 {the yoke 4) as targets. The deposited films were patterned by lithography. so as to
produce the yoke portion 4. As a result, magnetoresistance =ffect type heads (MR heads) as shown in
Figure 3 having the following structures were fabricated:

C : the substrate / CoPt (15) / Cu (2.2) / NiCoFe (15)/ SiO (100) CoNbZr (1000), and
C' : the substrate / [CoPt (5) / Cu (2.2) / NiCoFe (4) / Cu (2.2) ¥ SiO; (100) / CoNbZr (1000).
As a comparative example, an MR head having a conventional structure in which the conventional materials
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of NiggFepo and CoggaNbg122rg06 Were respectively used for the magnetoresistance effect film and the
yoke was fabricated. An alternating current signal magnetic field of 100 Oe was applied to both of the
conventional MR head and the MR heads of the invention, so as to compare the reproduction outputs of the
respective heads. It was found that the MR heads having the structures C and C' of the invention could
attain the outputs which were respectively about 1.5 times and 3 times as large as those of the conventional
MR head as the comparative example.

(Example 4)

By using CoggPtg» (the magnetic film 1%, Cog;Nig Fey, (the soft magnetic film 3), and Cu (the non-
magnetic metal film 2) as targets, the nard magnetic film 1, the non-magnetic metal film 2, and the soft
magnetic film 3 were sequentially deposited. Thus, a magnetoresistive change portion of a sandwich type
as shown in Figure 1A having the following structure was fabricated:

D [CoNiFe (10} / Cu (2.2) / CoPt (2)].

Figure 14 shows the MR curve of the magnetoresistive change portion. On the magnetoresistive change
portion, an SiO; insulating film was deposited. Then, AuCr for conductor lines was deposited thereon. As a
result, a memory device as shown in Figure 4 was fabricated.

in order to check the operation of the memory device, a current was ailowed to flow through the
conductor line § as shown in Figure 6A, so as to unidirectionally magnetize the magnetic film 1*. Then, as
shown in Figure 6B, a weak current was allowed to flow through the conductor line 5, so as 1o align the
magnetization of the soft magnetic film 3 in one direction. Thereafter, as shown in Figure. 6C, the weak
current flowing through the conductor line 5 was reversed, and the change of- resistance in the mag-
netoresistive change portion was measured at this time. It was confirmed that the change of resistance was
definitely changed to be plus (increase) or minus (decrease) depending on the magnetized direction
recorded in the magnetic film 1, as shown in Figure 6D.

(Example 5)

By using Cog.75Ptg.16Cro.12 (the hard magnetic film 1), NiggFeq15C0g s (the soft magnetic fitm 3), and Cu
(the non-magnetic metal film 2) as targets, the hard magnetic film 1, the non-magnetic metal film 2, and the
soft magnetic film 3 were sequentially deposited. Thus, a magnetoresistive change portion having the
following structure was fabricated:

E : [CoPtCr (5) / Cu (2.3) / NiFeCo (10)].
Then, an SiO; insulating film was deposited on the thus fabricated portion. Then, AuCr for conductor lines
was deposited, so as to obtain an amplifying device.

In order to check the amplifying device, as shown in Figure 8A, a large current was allowed to flow
through the conductor line 5, so as to magnetize the hard magnetic film 1 in one direction. Then, an input
alternating voltage was applied to the conductor line 5 as shown in Figure 8B. and a weak current was
allowed to flow, so as fo cause the magnetization rotation of the soft magnetic film 3. While a voltage was
being applied to the magnetoresistive change portion, the change of output voltage due to the change of
resistance in the magnetoresistive change portion was measured. It was confirmed that the input voltage
was amplified, as shown in Figure 8C.

(Example 6)

By using Niqg3C0q2Feq 12 (the soft magnetic film 3). Co (the magnetic film 3", Cu (the non-magnetic
metal film 2), and Cogq 5Pty 25 (the hard magnetic film 1) as targets (the composition ratios are all indicated
by atomic %), a sandwich-type magnetoresistive device and a stacked-type magnetoresistive device were
fabricated on a substrate by a multi-target sputtering apparatus. The sandwich-type magnetoresistive device
had the following structure:

F : the substrate / NiCoFe (10) / Co (0.2) / Cu (2) 7 Co (0.2) / CoPt (3) (parenthesized values indicate the
thicknesses (nm)), and

the stacked-type magnetoresistive device had the following structure: :

F' : the substrate / [NiCoFe (3) / Co (0.2)/ Cu (2) / Co (0.2) CoPt (3) Co(0.2)/ Cu (2N / NiCoFe (3),
where N indicates the stacked number of films and N is 5 in this example. The respective film thicknesses
were controlled by using a shutter, and CoPt of the hard magnetic film 1 was magnetized. Then, the MR
characteristics of the obtained devices were measured at room iemperature in the applied magnetic field of
100 Oe. The MR ratios for the devices having the structures F and F' were 6% and 8%, respectively. The

16



ANSNOCIN- -ED

15

20

25

30

35

40

45

50

55

EP 0 681 338 A1

widths of the magnetic field in which the MR was varied were 3 Oe and 5 Oe, respectively. Figure 10 shows
an exemplary MR curve of the stacked-type device.

(Example 7)

By using NigggCogsFeq 2 (the soft magnetic film 3), CogsFe2Nig, (the magnetic film 3'), Cu (the non-
magnetic metal film 2), and Cogy 75Ptg2s (the hard magnetic film 1) as targets {the composition ratios are all
indicated by atomic %), the sandwich-type magnetoresistive device as shown in Figure 2A and the stacked-
type magnetoresistive device as shown in Figure 2B were fabricated on a substrate by a muiti-target
sputtering apparatus. The sandwich-type magnetoresistive device had the following structure:

G : 'he substrate / NiCofFe (15) / Cu (2.3) / CoNiFe (0.5) / CoPt (10) (parenthesized values indicate the
thicknesses (nm)), and

the stacked-type magnetoresistive device had the following structure:

G' : the substrate / {[NiCoFe {7) / Cu (2.2) / CoNiFe (0.5) / CoPt (4) / CoNiFe (0.5) / Cu (2.2)]V,

where N indicates the stacked number of films and N is 5 in this example. The respective film thicknesses
were controlled by using a shutter, and CoPt of the hard magnetic film 1 was magnetized. Then, the MR
characteristics of the obtained devices were measured at room temperature in the applied magnetic field of
100 Oe. The MR ratios for the devices having the structures G and G' were 6% and 9%, respectively. The
widths of the magnetic field in which the MR was varied were 3 Oe and 5 Oe, respectively. As a
comparative example, devices in which Cog7Feg:Nip, (the magnetic film 3') was not inserted at the
interface were fabricated. The MR ratios of the comparative examples were 4% and 6% which were lower
than those of the devices of the invention.

{(Example 8)

On a substrate including a ferrite (7-1} and an insulating film (7-2), a magnetoresistive device portion
having the following structure was fabricated by a multi-target sputtering apparatus by using Cog 75Ptg 25 (the
hard magnetic film 1), Cu (the ndn-magnetic metal film 2), Nig3Cop2Feq.12 (the soft magnetic film 3), and
Co (the magnstic film 3') as targets:

H : [NiCoFe (7) / Cu {(2.1) / Co (0.4) / CoPt (4) / Co (0.4) / Cu (2.1)].

The material of CoPt of the hard magnetic film 1 was magnetized. An insulating film 6 and CoNbZr were
deposited thereon by using SiOz (the insulating film 6) and Cogg2Nbg 1224 g6 as targets. The deposited films
were patterned by lithography, so as to produce the yoke portion 4. As a result, a magnetoresistance effect
type head (an MR head) as shown in Figure 3 having the following structure was fabricated:

1 : the substrate / [NiCoFe (7) / Cu (2.1) / Co (0.4) / CoPt (4) / Co (0.4) / Cu (2.1)]* / SiO: (100) / CoNbZr
(1000).

As a comparative example, an MR head having a conventional structure in which the conventional materials
of NiggFeoz and Coo.g2Nbo.12Zrg0s Were respectively used for the magnetoresistance effect film and the
yoke was fabricated. An alternating current signal magnetic field of 100 Oe was applied to both the
conventional MR head and the MR head of the invention, so as to compare the reproduction outputs of the
respective heads. It was found that the MR head having the structure | of the invention could attain an
output which was about 4 times as large as that of the conventional MR head as the comparative example.

(Example 9)

By using Coo sPto 2 (the magnetic film 1%), CogsNip2Feo 2 (the soft magnetic film 3, the magnetic film 3,
and Cu (the non-magnetic metal film 2) as targets, the magnetic film 1', the non-magnetic metal film 2, and
the soft magnetic film 3 were sequentially deposited. Thus, a magnetoresistive change portion of a
sandwich type as shown in Figure 2A having the following structure was fabricated:

J : [CoNiFe (10) / Cu (2) / CoNiFe (0.7) / CoPt (2)].
On the magnetoresistive change portion, an SiO; insulating film was deposited. Then, AuCr for conductor
lines was deposited thereon. As a result, a memory device was fabricated.

In order to check the operation of the memory device, a large current was allowed to flow through the
conductor line 5 as shown in Figure BA, so as to unidirectionally magnetize the magnetic film 1. Then, as
shown in Figure 6B, a weak current was allowed to flow through the conductor line §, so as to align the
magnetization of the soft magnetic film 3 in one direction. Thereafter, as shown in Figure 6C, the weak
current flowing through the conductor line 5 was reversed, and the change of resistance in the mag-
netoresistive change portion was measured at this time. It was confirmed that the change of resistance was
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definitely changed to be plus (increase) or minus {decrease) depending on the magnetized direction
recorded in the magnetic film 1°, as shown in Figure 6D. In addition, it was found that the output was 1.5
time or more as large as that of a conventional memory device using NiFe. In this example, the reference
numeral 1" in Figures 6A to 6C denotes a film including the magnetic film 1' and the magnetic film 3.

Next, the magnetoresistive change portion was fabricated so as to have the following stacked structure:
J' = [CoNiFe () / Cu (2) / CoNiFe (0.6) / CoPt (2) / CoNiFe (0.6) / Cu (2)F.
A memory device was fabricated by using the magnetoresistive change portion having the stacked
structure. In the same way as described above, the operation of the memory device was checked. It was
confirmed that, during the information read-out, the output voltage of the memory device having the
structure J' was about twice as high as that of the memory device having the structure J.

(Example 10)

By using Cog Pty 2, C0p.85Cro.12Tap g2, FegsNigs (the magnetic films 1. 1°, and 1), Cu (the non-magnetic
metal film 2), and Nig 63C0 2Feg 42 (the soft magnetic film 3) as targets, a magnetoresistive change portion
having the following stacked structure was fabricated: '

K : [CoPt (3) / Cu (2.2) / NiCoFe (4) / Cu (2.2) / CoCrTa (3) / Cu (2.2) 7 NiCoFe (4) / Cu (2.2) / NiFe (3) / Cu
(2.2) / NiFeCo (4)].

An SiO2 insulating film was deposited thereon. Thereatter, AuCr for conductor lines was deposited, so as to
fabricate a memory device as shown in Figure 5.

In order to check the operation of the memory device, the following two types of memory devices were
provided. One type of memory device was provided in such a manner that-a current was allowed to flow
through the conductor line 5 as shown in Figure 7A, and the magnetization of the three kinds of magnetic
films 1, 1'. and 1*(NiFe) and the magnetization of the soft magnetic film 3 was inverted, so as to record
information. The other type of memory device was provided in such a manner that a magnetic field which is
smaller than the coercive force of the magnetic films 1 and 1 (CoPt, CoCrTa) but larger than the coercive
force of the magnetic film 1" was produced, and hence the magnetization of the magnetic film 1'* and the
magnetization of the soft magnetic film 3 (NiCoFe) was inverted, so as to record information. Next, as
shown in Figure 7B, a weak current pulse was allowed to flow through the conductor line 5, so that only the
magnetization of the soft magnetic fim 3 was inverted, and the change of resistance of the mag-
netoresistive change portion at this time was measured. As shown in Figure 7C, it was confirmed that the
magnitudes of the change of resistance were different depending on the number of the magnetic films (1,
1', 1) in which the magnetization had been inverted during the recording of the information. This means
that multivalue information can be stored in such a memory device.

In the following Examples 11 to 17, other embodiments of magnetoresistance effect devices, mag-
netoresistance effect type head, and memory device of the present invention will be described. Although an
example of the amplifying device will not be described, the amplifying device of the invention may be
constructed in the same manner as the memory device, as described in the above-mentioned examples.

As shown in Figures 16A and 168, in this mag:etoresistance effect device, a soft magnetic film 21 with
a thickness of 1 to 20 nm, a hard magnetic film 23 with a thickness of 1 to 20 nm, having respectively
different coercive forces, are alternately stacked, and non-magnetic metal films 22 with a thickness of 1 to
10 nm are interposed between the soft magnetic films 21 and the hard magnetic film 23 {0 be alternately
stacked. in this case, the main component of the soft magnetic film 21 is expressed by the following
formula:

{NixCo1-x)xFei_x (3)
In the above formula, X and X' are expressed by atomic composition ratios as follows:
06<X=10 07X <10 (4)

The hard magnetic film 23 is composed of a CoFe based material having a relatively large resistance
variation ratio AR/R, and the main component thereof is expressed by the following formula:

COvFe1 -y (5)

where Y is expressed by an atomic composition ratio:
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03sY<07 8)

Also, the CoFe based material to which V is added has a very satisfactory square ratio of 0.9 or more,
and the component thereof is expressed by the following formula:

(CozFei-z)zVy_z (7
where Z and Z' are expressed by the atomic composition ratios as follows:
0322207 09<272°£098 ’ (8)

In particular, if adding V when 0.9 £ Z' £ 0.98, as shown in Figure 17, the saturation magnetic field
strength Hs of the MR curve is reduced in the case where the amount to be added is small, ie., in the
range of 0.02 to 0.04 %, so that the characteristics, optimized for using this device as a memory device,
may be obtained. On the other hand, in the case where the added amount is large, i.e., in the range of 0.05
to 0.1 %, the saturation magnetic field strength Hs of the MR curve is increased, so that the characteristics
optimal for a magnetoresistance effect device and a magnetoresistance effect type head are exhibited.

The non-magnetic metal film 22 is preferably composed of a material showing little reaction with a Ni-
Co-Fe based magnetic material in the interface therebetween, and therefore any of Cu, Ag and Au is
suitably used. .

In the case where such a material is used for a magnetoresistance effect device and a mag-
netoresistance effect type head, the soft magnetic film 21 is composed of a hard magnetic material
exhibiting a small magnetostriction, a small coercive force, and a satisfactory square feature, while the hard
magnetic film is composed of a semi-hard or a hard magnetic material exhibiting a relatively large coercive
force and a satisfactory square feature.

Also, the soft magnetic film 21 is not necessarily a ternary film such as that described above, but may
be a binary magnetic film having soft magnetism and a relatively large resistance variation ratio AR/R, e.g.,
a Ni-Fe based or Ni-Co based binary magnetic film.

For example, the main component of the soft magnetic film 21 is expressed by the following formula.

NixFe,-x 9)
where X is expressed by an atomic composition ratio as follows:
0.7sX=<09 (10)
Alternatively, the main component of the soft magnetic film 21 is expressed by the following formula.
NixCoy_x (11)
where X is expressed by an atomic composition ratio as follows:
06=X=s09 (12)

In the case where the soft magnetic films 21 and the hard magnetic films 23 are alternately stacked
with non-magnetic metal films 22 interposed therebetween, if the thickness of the soft magnetic film 21 is
set to be larger than that of the hard magnetic film 23, then a large resistance variation ratio may be
obtained in very small magnetic fields, as shown in Figure 18.

Since the soft magnetic film 21 and the hard magnetic film 23 have different coercive forces and the
two kinds of films 21 and 23 are separated from each other with the non-magnetic metal film 22 interposed
therebetween, an application of a weak magnetic field H causes the rotation of spins in the soft magnetic
film 21 with soft magnetism in a direction indicated by the arrow A; shown in Figures 16A and 16B. On the
other hand, the spins in the hard magnetic film 23 with hard or semi-hard magnetism have not been
reversed yet as indicated by the arrow B.. Therefore, in such a case, the spin alignment direction in the
soft magnetic film 21 becomes opposite to the spin alignment direction in the hard magnetic film 23 and the

spin scattering of the conductive electrons in the two films becomes maximum, so that electrical resistance
values become large.
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If further applying stronger magnetic field, as shown in Figure 16B, the spins in the hard magnetic film
23 are also reversed as indicated by the arrow B>. As a result, the spin alignment direction in the soft
magnetic film 21 becomes parallel to the spin alignment direction in the hard magnetic film 23; the spin
scattering of the conductive electrons becomes small; and the electrical resistance values are reduced.

Figure 19 shows the values of the resistance variation ratio AR/R in the above-described mag-
netoresistance effect device in association with the variation of the applied magnetic field H. In Figure 19,
the position 19a corresponds to the state shown in Figure 16A; while the position 19b corresponds to the

state shown in Figure 16B. The resistance variation ratio AR/R shown in Figure 19 is calculated by the
following equation:

ARR = {(Rp - Rmin}/Rmin} x 100 [%)] (13)

where Rp is a value of the electrical resistance corresponding to the strength of each magnetic filed H; and
Rmin 1S @ minimal value of the electrical resistance. Figure 19 is a graph showing the relationship between
the strength of the magnetic field H and the resistance variation ratio AR/R thus obtained.

In this way, a large resistance variation ratio AR/R is obtained in a region where the strength of the
magnetic field H is relatively small. However, if the non-magnetic metal film 22 is not provided, the soft
magnetic film 21 is unintentionally coupled magnetically with the hard magnetic film 23, so that the state
such as shown in Figure 16A can not be realized. Therefore, in such a case, a large magnetoresistance
effect can not be obtained.

It is preferable for the soft magnetic film 21 to have a small magnetostriction. This is because a noise is
likely to occur if a magnetic film having a large magnetostriction is employed for an MR head.

If the composition ratio of a Ni-rich Ni-Co-Fe based alloy expressed by the above-described formula
(3) satisfies the expression (4), then the magnetostriction of such an alloy becomes small, so that the alloy
exhibits soft magnetism. A typical composition ratio of such an alloy is NiggCog1Feq. . NiggFeg2 or the like.
Also, in order to improve the soft magnetism, the wear resistance and the corrosion resistance, Nb, Mo, Cr,
W, Ru and the like may be added to the composition represented by the expression (4).

The CoFe based alloy expressed by the formula (5) exhibits a satisfactory square feature and semi-hard
or hard magnetism when the CoFe alloy satisfies the expression (6).

The CoFe based alloy expressed by the formula (7) to which V is added so as to satisfy the expression
(8) may arbitrarily vary the coercive force thereof depending on the added amount of V and may improve
the square feature thereof.

By selecting the composition ratios in the above-mentioned manner, the magnetic films 21 and the hard
magnetic film 23 having respectively different coercive forces may be obtained. When the thickness of the
soft magnetic film 21 and the hard magnetic film 23 is smaller than 1 nm, the decrease in the strength of
the magnetic field owing to the reduction of Curie temperature and the like are disadvantageously caused at
room temperature.

Since a magnetoresistance effect device is used with an entire film thickness set at several tens of nm
in practical use, the thickness of the respective magnetic films 21 and 23 is required to be set at smaller
than 20 nm in order to utilize the effects of the stacking structure to be obtained according to the present
invention. Moreover, in the case where the film thickness of the soft magnetic film 21 exhibiting soft
magnetic characteristics is set to be larger than that of the hard magnetic film 23 exhibiting semi-hard
magnetic characteristics or hard magnetic characteristics, the soft magnetic characteristics are improved
and the rising of the characteristics in a very weak magnetic field becomes abrupt. However, such an effect
is invariable when the film thickness is larger than 20 nm. Accordingly, the thickness of these magnetic
films 21 and 23 is preferably set in the range of 1 to 20 nm.

The non-magnetic metal film 22 interposed between these magnetic fitms 21 and 23 is required to be
less reactive with a Ni-Fe-Co based magnetic film in the interface therebetween, and is also required to be
non-magnetic. Therefore, Cu, Ag, Au and the like are suitable as a material for the non-magnetic metal film
22. If the thickness of this non-magnetic metal film 22 is smaller than 1 nm, then it becomes difficult to
realize the state as shown in Figure 16A, where the soft magnetic film 21 and the hard magnetic film 23 are
magnetically coupled, and the spin alignment directions in the soft magnetic film 21 and the hard magnetic
film 23 having respectively different coercive forces become antiparallel to each other.

On the other hand, if the thickness of the non-magnetic metal film 22 exceeds 10 nm, then the electric
resistance in the portion of the non-magnetic metal film 22 where no magnetoresistance effect is exhibited
adversely reduces the variation of the resistance of the entire magnetoresistance effect device. Con-
sequently, the thickness of the non-magnetic metal film 22 is preferably set in the range of 1 to 10 nm.
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(Example 11)

Magnetoresistive devices having the following configurations (Samples Nos. A2, B2, and C2) are formed
on a glass substrate by using a sputterer.

A2: [Co-Fe(3)/Cu(2)/Ni-Fe(14)/Cu(2)]
B2: [Co-Fe(3)/Au(2)/Ni-Co(14)/Au(2)]
c2: [Co-Fe(3)/Ag(2)/Ni-Co-Fe(14)Ag(2)]

The composition ratios of Ni-Fe, Ni-Co. Ni-Co-Fe and Co-Fe are set to be NiggFeqo, Niggloga,
Nig.sC0g1Feo.1 and CopsFens. respectively. The film thickness is controlled by power and shutter speed.

In the same way, by using CopsFeqs and Nig;Cog2Feg. as targets, magnetoresistive devices having the
following configurations (Samples Nos. D2, E2, and F2) are formed on a glass substrate.

D2: [Co-Fe(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]
E2: [Co-Fe(3)/Ag(2)/Ni-Co-Fe(14)/Ag(2)]
F2: [Co-Fe(3)/Au(2)/Ni-Co-Fe(14)/Au(2)]

Vvarious characteristics of the obtained samples Nos. A2 to F2 of the magnetoresistive devices, i.e., the
resistance variation ratio AR/R at room temperature and the switching field Ht in the rising portion, are
shown in Table t. The magnetization is measured by a vibration type magnetometer. The varying value of
the electrical resistance is measured by a four-terminal method using the samples shown in Table 1, while
applying an external magnetic field in a direction vertical to the direction of the flowing current so as to vary
the magnetic field.

[Table 1]
Sample No. Resistance Variation | switching field
Ratio AR/R (%) Ht (Oe)
A2 6 14
B2 4 9
c2 5 15
D2 7 8
E2 3 15
F2 4 7

The film is sputtered in the magnetic field so that the easy axis of the magnetic film exhibiting soft
magnetism crosses the easy axis of the magnetic film exhibiting semi-hard magnetism at a right angle. The
magnetoresistance effect of the film is measured by applying a magnetic field in a direction of the
magnetization hard axis of the magnetic film exhibiting soft magnetism. The switching field Ht of the film
shown in Table 1 are the values in the direction of the magnetization hard axis.

As is apparent from Table 1, the magnetoresistance effect device of this example exhibits practical
characteristics, that is to say. the device shows a large resistance variation ratio AR/R at rcom temperature
and a relatively small switching field Ht in the rising portion.

(Example 12)

In the same way as in Example 11, magnetoresistive devices having the following configurations
(Samples Nos. A3, B3, and C3) are formed on a glass substrate by using a sputterer.

A3: [Co-Fe-V(3)/Cu(2)/Ni-Fe(14)/Cu(2)]

B3: [Co-Fe-V(3)/Cu(2)/Ni-Co(14)/Cu(2)]

C3: [Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]

The composition ratios of Ni-Fe, Ni-Co, Ni-Co-Fe and Co-Fe-V are set to be NiggFego, NiggCoo.2.
NigsC00.1Feo1 and CogsFegqeVooe, respectively. The film thickness is controlled by power and shutter
speed.

In the same way, by using CogagFepqsVogs and Nig;Cog2Fey, as targets, magnetoresistive devices

having the following configurations (Samples Nos. D3, €3, and F3) are formed on a glass substrate.
D3: [Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)Cu(2)]
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E3: [Co-Fe-V(3)/Ag(2)/Ni-Co-Fe(14)/Ag(2)]
F3: [Co-Fe-V(3)/Au(2)/Ni-Co-Fe(14)/Au(2)]

Various characteristics of the obtained samples Nos. A3 to F3 of the magnetoresistive devices, i.e., the
resistance variation ratio AR/R at room temperature and the switching field Ht in the rising portion, are
shown in Table 2. The magnetization is measured by a vibration type magnetometer. The varying value of
the electrical resistance is measured by a four-terminal method using the samples shown in Table 2, while

applying an external magnetic field in a direction vertical to the direction of the flowing current so as to vary
the magnetic field.

[Table 2]
Sample No. Resistance Variation | switching field
Ratio AR/R (%) Ht (Oe)
A3 7 10
B3 5 8
C3 4 11
D3 8 6
E3 5 12
F3 4 7

The film is sputtered in the magnetic field so that the easy axis of the magnetic film exhibiting soft
magnetism crosses the easy axis of the magnetic film exhibiting semi-hard magnetism at a right angle. The
magnetoresistance effect of the film is measured by applying a magnetic field in a direction of the
magnetization hard axis of the magnetic film exhibiting soft magnetism. The switching field Ht of the film
shown in Table 2 are the values in the direction of the magnetization hard axis.

As is apparent from Table 2, the magnetoresistance effect device of this example exhibits practical
characteristics, that is to say, the device shows a large resistance variation ratio AR/R at room temperature
and a relatively small switching field Ht in the rising portion.

(Example 13)

In the same way as in Examples 11 to 12, magnetoresistive devices having the following configurations

(Samples Nos. A4, B4, and C4) are formed on a glass substrate by using a sputterer.
A4 {Co-Fe-V(3)/Cu(2)/Ni-Fe(14)/Cu(2)]
B4: {Co-Fe-V(3)/Cu(2)/Ni-Co(14)/Cu(2)]
C4: [Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]

The composition ratios of Ni-Fe, Ni-Co, Ni-Co-Fe and Co-Fe-V are set to be NiggFepa, NigsCog.2,
NiosC0o1Feo.1 and Cogs2Fe03sVoos. respectively. The film thickness is controlled by power and shutter
speed.

In the same way, by using Cogs2Feo31Voor and Nig7Coo.2Feos as targets, magnetoresistive devices
having the following configurations (Samples Nos. D4, E4, and F4) are formed on a glass substrate.

D4: [Co-Fe-V(3)/Au(2)/Ni-Co-Fe(14)/Au(2)]

E4: [Co-Fe-V(3)/Ag(2)/Ni-Co-Fe(14)/Ag(2)]

Fa: [Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]

Various characteristics of the obtained samples Nos. A4 to F4 of the magnetoresistive devices, i.e., the
resistance variation ratio AR/R at room temperature, the switching field Ht in the risin; portion and the
saturation magnetic field Hs of the devices, are shown in Table 3. The magnetization is measured by a
vibration type magnetometer. The varying value of the electrical resistance is measured by a four-terminal
method using the samples shown in Table 3, while applying an external magnetic field in a direction vertical
to the direction of the flowing current so as to vary the magnetic field.
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[Table 3]
Sample No. Resistance Variation | switching field| Saturation Magnetic
Ratio AR/R(%) Ht(Oe) Field Hs (Oe)
A4 5 ' 1 450
B4 6 7 300
C4 4 12 330
D4 4 5 400
E4 6 15 420
F4 7 7 360

The film is sputtered in the magnetic field so that the easy axis of the magnetic film exhibiting soft
magnetism crosses the easy axis of the magnetic film exhibiting semi-hard magnetism at a right angle. The
magnetoresistance effect of the film is measured by applying a magnetic field in a direction of the
magnetization hard axis of the magnetic film exhibiting soft magnetism. The switching field Ht of the film
shown in Table 3 are the values in the direclion of the magnetization hard axis, while the saturation
magpnelic fields Hs are the values in the direction of the magnetization easy axis. .

As is apparent from Table 3, the magnetoresistance effect device of this example exhibits practical
characteristics usable for a magnetoresistance effect device and a magnetoresistance effect type head, that
is to say, the device shows a large resistance variation ratio AR/R at room temperature, a relatively small
switching field Ht in the rising portion, and a farge saturation magnetic field Hs.

(Example 14)

In the same way as in Examples 11 to 13, magnetoresistive devices having the following configurations

(Samples Nos. A5, B5, and C5) are formed on a glass substrate by using a sputterer.
AS: [Ni-Fe(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]
BS: [Co-Fe(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)}
Cs5: [Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]

The composition ratios of Ni-Fe, Co-Fe, Ni-Co-Fe and Co-Fe-V are set to be NigsFegs, CogsFeqs,
Nig §C0p 1Feg.1,and Cog.agFeq 4aVo.o2, respectively. The film thickness is controlled by power and shutter
speed.

In the same way, by using CogsFeqs and Nig;CogoFey, as targets, magnetoresistive devices having the
following configurations (Samples Nos. D5, ES, and F5) are formed on a glass substrate.

Ds: [Co-Fe(3)/Au(2)/Ni-Co-Fe(14)/Au(2))]
ES: [Co-Fe(3)/Ag(2)/Ni-Co-Fe(14)/Ag(2)]
F5: [Co-Fe(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]

Various characteristics of the obtained samples Nos. A5 to F5 of the magnetoresistive devices, i.e., the
resistance variation ratio AR/R at room temperature and the switching field Ht in the rising portion, are
shown in Table 4. The magnetization is measured by a vibration type magnetometer. The varying value of
the electrical resistance is measured by a four-terminal method using the samples shown in Table 4, while

applying an external magnetic field in a direction vertical to the direction of the flowing current so as to vary
the magnetic field.
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[Table 4]
Sample No. Resistance Variation | switching field
Ratio AR/R (%) Ht (Oe)
A5 3 3
B85 6 4
C5 5 3
D5 5 3
ES5 6 5
F5 6 5

The film is sputtered in the magnetic field so that the easy axis of the magnetic film exhibiting soft
magnetism crosses the easy axis of the magnetic film exhibiting semi-hard magnetism at a right angie. The
magnetoresistance effect of the film is measured by applying a magnetic field in a direction of the
magnetization hard axis of the magnetic film exhibiting soft magnetism. The switching field Ht of the film
shown in Table 4 are the values in the direction of the magnetization hard axis.

As is apparent from the results shown Table 4, the magneloresistance effect device of this example
exhibits practical characteristics useful for a high-sensitivity magnetoresistance effect device, a mag-
netoresistance effect type head and memory device, that is to say, the device shows more abrupt
characteristics and a smaller switching field Ht in the rising portion by setting the thickness of the soft
magnetic film thicker than that of the semi-hard magnetic film.

(Example 15)

In the same way as in Examples 11 to 14, magnetoresistive devices having the following configurations

(Samples Nos. A6, B6, and C6) are formed on a glass substrate by usmg a sputterer.
AG: [Co-Fe-V(3)/Cu(2)/Ni-Fe(14)/Cu(2)]
B6:  [Co-Fe-V(3)/Cu(2)/Ni-Co(14)/Cu(2)]
C6:  [Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]

The composition ratios of Ni-Fe, Ni-Co, Ni-Co-Fe and Co-Fe-V are set to be NiggFeg,, NiggCogoa,
NiggCoq.1Feg 1 and CogaeFegagVooz, respectively. The film thickness is controlled by power and shutter
speed.

In the same way, by using Cog.4sF€0.49V003 and Nig;Cop.Feg: as targets, magnetoresistive devices
having the following configurations (Samples Nos. D6, EB, and F6) are formed on a glass substrate.

Dé6: [Co-Fe-V(3)/Au(2)/Ni-Co-Fe(14)/Au(2)]

E6: [Co-Fe-V(3)/Ag(2)/Ni-Co-Fe(14)/Ag(2)]

F6: {Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]

Various characteristics of the obtained samples Nos. A6 to F6 of the magnetoresistive devices, i.e., the
resistance variation ratio AR/R at room temperature, the switching field Ht in the rising portion and the
saturation magnetic field Hs of the devices, are shown in Table 5. The magnetization is measured by a
vibration type magnetometer. The varying value of the electrical resistance is measured by a four-terminal
method using the samples shown in Table 5, while applying an external magnetic field in a direction vertical
to the direction of the flowing current so as to vary the magnetic field.
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(Table 5]
Sample No. Resistance Variation | switching field | Saturation Magnetic
Ratio AR/R (%) Ht (Oe) Field Hs(Oe)
A6 4 5 50
B6 5 7 60
Ceé 4 9 45
D6 5 5 70
E6 6 10 40
F6 6 6 40

The film is sputtered in the magnetic field so that the easy axis of the magnetic film exhibiting soft
magnetism crosses the easy axis of the magnetic film exhibiting semi-hard magnetism at a right angle. The
magnetoresistance effect of the film is measured by applying a magnetic field in a direction of the
magnetization hard axis of the magnetic film exhibiting soft magnetism. The switching field Ht of the film
shown in Table 5 are the values in the direction of the magnetization hard axis, while the saturation
magnetic fields Hs are the values in the direction of the magnetization easy axis.

As is apparent from Table 5, the magneto-resistance effect device of this example exhibits practical
characteristics useful for a memory device, that is to say, the device shows a large resistance variation ratio
AR/R at room temperature, a relatively small switching field Ht in the rising portion, and a small saturation
magnetic field Hs.

(Example 16)

In this example, an MR head is produced using the magnetoresistive devices. The following mag-
netoresistance effect films are used for forming the head.
A7: [Ni-Fe(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)}
B7: [Co-Fe(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]
C7: [Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]
The composition ratios of Ni-Fe, Co-Fe, Co-Fe-V, and Ni-Co-Fe are set to be NigsFegs. CopsFeqs,
Cogs52Fen39Vo.0s and Nig;Coq2Feq,, respectively.
Various characteristics of the obtained samples, i.e.. the resistance variation ratios AR/R and the output
ratios, are shown in Table 6.

[Table 6]
Sample No. Resistance Output Ratio
Variation Ratio
AR'R (%)
A7 6 3.4
87 5 41
Cc7 6 3.9

The film is sputtered in the magnetic field so that the easy axis of the magnetic film exhibiting soft
magnetism crosses the easy axis of the magnetic film exhibiting semi-hard magnetism at a right angle. The
stacking cycles are set to be 3. The resistance variation ratios AR/R shown in Table 6 are those measured
before forming a head. The output ratios shown in Table 6 are obtained by comparing the output of the MR
head of this example with that of a conventional MR head. As i< apparent from the results shown in Table 6,

according to the MR head of this example, a larger output may be obtained than from a conventional MR
head.
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(Example 17)

In this example, a memory device shown in Figure 4 was produced by a photolithography technique

using the magnetoresistive devices. The following magnetoresistance effect films were used for forming the
memory device.

A8: [Ni-Fe(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]
B8: [Co-Fe(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]
Cs8: [Co-Fe-V(3)/Cu(2)/Ni-Co-Fe(14)/Cu(2)]

The composition ratios of Ni-Fe, Co-Fe, Co-Fe-V and Ni-Co-Fe are set to be NigsFegs, CogsFegs,
Cog.49Fe0.49Vo.02 and Nig 7C0g2Feq 1, respectively. ‘

The measurement is performed in the following manner. First, an electric current of +100 mA is
supplied through conductor lines 6, thereby magnetizing the semi-hard magnetic film 1' in one direction so
as to record information. The information is read out by supplying an electric current signal of t50 mA to
the conductor lines §, by which the soft magnetic film 3 can be inverted. The variation of the resistance, i.e.,
the variation of the voltage, is measured by using an oscilloscope. The measured output waveforms are
shown in Figure 20A. Next, to the contrary to the case shown in Figure 20A, an electric current of -100 mA
is supplied through the conductor lines 5, thereby magnetizing the semi-hard magnetic film 1' in an
opposite direction so as to record the information. The information is read out by supplying an electric
current signal of £50 mA through the conductor lines 5. In the same way, the variation of the resistance, i.e.,
the variation of the voltage, is measured by using an oscilloscope. The measured output waveforms are
shown in Figure 20B. As is apparent from the results of these experiments, the information may be
recorded and reproduced easily.

In the following Examples 18 to 23, the embodiments of the invention which use a magnetoresistance
effect device having a multilayer structure formed epitaxially on a substrate will be described.

The magnetoresistance effect device of the present invention includes a multilayer structure composed
of sets of films, each set including a hard magnetic film mainly made of Co., CoPt, or CoFe and a soft
magnetic film mainly made of NiFe or NiFeCo with a non-magnetic metal film mainly made of Cu having a
thickness of 2 to 10 nm interposed therebetween, the multilayer structure being formed epitaxially on a
substrate so that a [100] direction is in a direction vertical to a film surface and a magnetic field direction to
be detected is substantially a [011] direction in plane of the Cu film.

As for the soft magnetic film, a film mainly made of NiFe or NiFeCo is preferably used. Specifically, an
Ni-rich soft magnetic film of an atomic composition of Ni,Co,Fe, where 06 < x 209,02y =04,0=2z=
0.3 or a Co-rich soft magnetic film of an atomic composition of Ni,Co,Fe, where 0 £ x'£04,02=sy' =<
0.95, 0 £ 2' £ 0.5 is desirably used. The films of the above compositions have a low magnetic distortion
characteristic (in the order of 1 x 107° or less) which is required for MR sensors and MR heads.

As for the hard magnetic film, a film mainly made of Co, more desirably mainly made of CoPt can be
used. The CoPt film is more suitable as the hard magnetic film than the Co film because the CoPt film has
a large coercive force and thus does not allow the magnetization to be easily inverted compared with the
Co film. The CoPt film preferably has an atomic composition of Co,-xPtx where 0 £ x £ 0.4. When x > 0.4,
the MR ratio decreases. In some instances, a CoFe film may be advantageously used as the hard magnetic
film. The CoFe film provides a comparatively small coercive force, which results in easy write operation
when the device is applied to-a memory device, and thereby reduces the current to be applied to a
conductor during the write operation. The atomic composition of the CoFe film is preferably Co.-.Fe, where
0.3 < x £ 0.7, more preferably 0.4 £ x £ 0.6, most preferably x is near 0.5.

In the above structure, the soft magnetic film may be first formed on a substrate or a suitable
underlayer formed on the substrate, or the hard magnetic film may be first formed. in either case, the set of
these films are stacked two to ten times, preferably. When only one set of films are stacked, the resultant
MR ratio is small, while when more than ten sets of films are stacked, a large operational magnetic field is
required.

In the above structure, a surface magnetic film is preferably covered with a suitable protective film
made of Au, Cr, or the like so as to prevent the surface from being degraded due to oxidation and the like.

The multitayer structure is preferably formed on an Si (100) singte crystalline substrate via a underlayer
mainly made of Cu. The thickness of the Cu underlayer should de in the range of 1 nm to 50 nm, more
preferably in the range of 5 nm to 50 nm. When the thickness of the Cu underlayer is less than 1 nm,
magnetic material is not epitaxially grown on the Cu backing film When the thickness of the Cu underlayer
exceeds 50 nm, the resistance of the underlayer becomes so small that the resistance of the resultant
device may be decreased.
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The magnetoresistance effect device of the invention may include a multilayer structure formed on a
substrate, the multilayer structure being composed of sets of films, each set including a hard magnetic film
mainly made of Co, CoPt. or CoFe and a soft magnetic film mainly made of NiFe or NiFeCo with a first
non-magnetic metal film mainly made of Cu having a thickness of 2 to 10 nm interposed therebetween. In
this embodiment, a second non-magnetic metal film mainly made of Ag or Au having a thickness of 0.1 to
0.4 nm is inserted in the first non-magnetic metal film. Preferably, the second non-magnetic metal film is
mainly made of Ag.

Preferably, the above multilayer structure is formed so that a (100) plane be epitaxially grown in a
direction parallel to a film surface and a magnetic field direction to be detected be substantially a [011]
direction in plane of the multilayer structure. That is, the [100] direction of the film is in a direction vertical
to the film plane. The multilayer structure may be formed on an Si(100) single crystalline substrate via a
underlayer mainly made of Cu.

The magnetoresistance effect device may include a multilayer structure formed on a substrate, the
multilayer structure being composed of sets of films each having a hard magnetic film mainly made of Co,
CoPt, or CoFe and a soft magnetic film mainly made of NiFe or NiFeCo with a non-magnetic metal film
interposed therebetween. In this embodiment, at least two consecutive soft magnetic films each having a
thickness in the range of 1 to 10 nm are stacked with a non-magnetic metal film interposed therebetween,
and the hard magnetic film and the consecutive soft magnetic films are stacked with the non-magnetic
metal film interposed therebetween.

Preferably, the thickness of the non-magnetic metal film between the consecutive soft magnetic films
and the hard magnetic film is larger than the thickness of the non-magnetic metal film between the
consecutive soft magnetic films. .

The non-magnetic metal film formed between the consecutive soft magnetic films is preferably
composed of a single film mainly made of Cu, while the non-magnetic metal film formed between the
consecutive soft magnetic films and the hard magnetic film is composed of a film mainly made of Cu with
an Ag or Au film inserted therein.

Preferably, the multilayer structure is epitaxially formed so that a (100) plane is in a direction parallel to
a film surface and a magnetic field direction to be detected is substantially a [011] direction in the plane of
the Cu film.

The magnetoresistance effect device may include a multilayer structure composed of sets of films each
having a hard magnetic film mainly made of Co, CoPt, or CoFe and a soft magnetic film mainly made of
NiFe or NiFeCo with a non-magnetic metal film interposed therebetween. In this embodiment, at least two
consecutive hard magnetic films each having a thickness of 1 to 10 nm are stacked with a non-magnetic
metal film interposed therebetween, and at least two consecutive soft magnetic films each having a
thickness of 1 to 10 nm are stacked with a non-magnetic metal film interposed therebetween. The
consecutive hard magnetic films and the consecutive soft magnetic films are stacked with a non-magnetic
metal film interposed therebetween. The thickness of the non-magnetic metal film between the consecutive
hard magnetic films and the consecutive soft magnetic films is larger than the thickness of the non-
magnetic metal film between the consecutive soft magnetic films or between the consecutive hard magnetic
films.

Preferably, the non-magnetic metal film formed between the consecutive soft magnetic films or between
the consecutive hard magnetic films is composed of a single film mainly made of Cu. while the non-
magnetic metal film formed between the consecutive soft magnetic films and the consecutive hard
magnetic films is composed of a film mainly made of Cu with an Ag or Au film inserted therein.

Preferably, the multilayer structure is epitaxially formed so that a (100) plane is in a direction parallel to
a film surface and a magnetic field direction to be detected is substantially a [011] direction in the plane of
the Cu film.

A magnetic memory device may be provided by applying the magnetoresistance effect device of the
present invention to a memory device. As a basic structure, the magnetic memory device includes a device
portion having a hard magnetic film mainly made of Co, CoPt, or CoFe and a soft magnetic film mainly
made of NiFe or NiFeCo with a non-magnetic metal film mainly made of Cu having a thickness of 2 to 10
nm, epitaxially formed on a substrate so that a (100) plane is parallel to a film surface, and a conductor
disposed in the vicinity of the device portion via an electrically insulating film. The magnetic memory device
is formed so that the magnetization direction to be recorded is substantially a {011] direction in the plane of
the Cu film.

According to the invention, an amplifier may be provided by applying the magnetoresistance effect
device of the present invention to an amplifier. As a basic structure, the amplifier includes a device portion
having a hard magnetic film mainly made of Co, CoPt, or CoFe and a soft magnetic film mainly made of

27

NRQ1ATRAY 1



[

20

25

30

35

40

45

50

55

——

EP 0 681 338 A1

NiFe or NiFeCo with a non-magnetic metal film mainly made of Cu having a thickness of 2 to 10 nm,
epitaxially formed on a substrate so that the (100) plane is parallel to the film surface, and a conductor
disposed in the vicinity of the device portion via an electrically insulating film. The amplifier is formed so
that the magnetization direction of an operating magnetic film is substantially a [011] direction in the plane
of the Cu film.

Moreover, a magnetic head may be provided by applying the magnetoresistance effect device of the
present invention to a magnetic head. As a basic structure, the magnetic head includes a device portion
having a hard magnetic film mainly made of Co, CoPt, or CoFe and a soft magnetic film mainly made of
NiFe or NiFeCo with a non-magnetic metal film mainly made of Cu having a thickness of 2 to 10 nm.
epitaxially formed on a substrate so that the (100) plane is parallel to a film surface, and a yoke provided to
form a magnetic path commonly used with the device portion. The magnetic head is formed so that the
magnetization direction of an operating magnetic film is substantially the [011] direction of the Cu film.

According to the present invention, since the multilayer structure is formed by growing crystal
epitaxially on the substrate, non-uniform thin film formations such as island-shaped formations can be
prevented. It is known that the conditions of the interface between the magnetic film and the non-magnetic
metal film is influential to the magnetoresistance effect of an artificial multilayer. According to the present
invention, epitaxially grown films provide a fiat interface, and thus a great magnetoresistance effect can be
obtained. The [NiFe/Cu} and [Co/Cu] epitaxial films where the (100) crystal plane is parallel to the substrate
surface have weak magnetic correlation, compared with a (111) film. Accordingly, the (100) film is suitable
for creating magnetization inversion with a low magnetic field. When the (100) epitaxial film is used for the
magnetoresistance effect device, it is required to apply a magnetic field substantially in a [011] direction in
the plane of the Cu film. This is because, in the (100) epitaxial film, the magnetization easy axis of the NiFe
or NiFeCo film is in the [011] direction in the plane of the Cu film. Therefore, by applying a magnetic field
in this direction, the measurement with a reduced field and an increased MR value is realized.

Si (100) single crystal is suitable for a substrate on which an epitaxial film is grown. Si substrates are
commercially available inexpensively since they are mass-produced for the fabrication of semiconductor
devices. Such an Si (100) substrate is treated with hydrofluoric acid to remove any oxidized film on the
surface. By this treatment, it is possible to grow Cu epitaxially at room temperature. This process is
advantageous because no step of pre-heating the Si substrate in a vacuum is required. The thickness of the
backing Cu film is suitably in the range of 1 to 50 nm, more preferably of 5 to 50 nm. When the thickness
of the Cu underlayer is less than 1 nm, it is difficult to epitaxially form a multilayer on the backing film.
When the thickness of the underlayer exceeds 50 nm, the resistance of the underlayer is so small that the
MR ratio decreases.

The magnetoresistance effect device of the present invention is preferably fabricated by a thin film
formation technique such as sputtering and vapor deposition. When a thin film is formed on a glass
substrate by vapor deposition, however, crystal grains tend to be deposited into the shape of spotted
islands, making it difficult to form a smooth surface. According to the fabrication method of the present
invention, a thin film is epitaxially formed on a single crystalline substrate, forming a smooth interface
between the magnetic film and the non-magnetic metal film, and thereby realizing a large MR ratio.

Cu is preferably used for the non-magnetic metal film of the magnetoresistance effect device of the
present invention. As the Cu film is thinner, the interaction between the magnetic films becomes larger and
thus the operating magnetic field of the resuitant magnetoresistance effect device is larger. Therefore, the
thickness of the Cu non-magnetic metal film should be at least 2 nm, preferably at least 5 nm. When the
thickness of the Cu nonmagnetic film exceeds 10 nm, the MR ratio lowers because the thickness exceeds
the mean free path of electrons. Therefore, the thickness should be less than 10 nm. An Ag or Au film
having a thickness of 0.1 to 0.4 nm may be inserted in the Cu nonmagnetic film. In this case, the operating
magnetic field of the Cu film lowers without substantially decreasing the MR value. The reason is
considered as follows: The magnetic films interact with each other via conductive electrons in the
nonmagnetic film interposed therebetween. The wave function of the Cu nonmagnetic film is disturbed by
inserting a film of other atoms than Cu in the Cu nonmagnetic film, lowering the magnetic interaction and
thereby facilitating the magnetic moment directions of the magnetic films to be rotated individually. Ag or
Au may be used for the magnetic insertion film, though Ag is more preferable. Such an insertion film is
effective when the thickness thereof is 0.1 nm or more, though it is more effective when the thickness is 0.2
nm or more. When the thickness of the insertion film is 0.4 nm or less, the MR value does not substantially
decrease. However, when the thickness exceeds 0.4 nm, the epitaxial orientation is greatly disturbed,
lowering the MR value and the crystal of the magnetic films.

The thickness of the magnetic films of the present invention is preferably in the range of 1 to 10 nm.
Especially, the soft magnetic film is preferably at least 1 nm, more preferably at least 3 nm because a too
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thin soft magnetic film is inferior in the soft magnetic characteristics. Also, in consideration of the mean free
path of electrons, when two Or more sets of [a hard magnetic film/a non-magnetic metal film/a soft magnetic
film] are stacked with a non-magnetic metal film interposed between each set, the thickness of each
magnetic film is preferably 10 nm or less.

According to another magnetoresistance effect device of the present invention, two or more consecutive
soft magnetic films are stacked with a non-magnetic metal film interposed between any adjacent soft
magnetic films, as shown in Figure 23. The thickness of the non-magnetic metal film between the adjacent
soft magnetic films is suitably selected so that the coupling between the soft magnetic films can be
ferromagnetic. With this structure. the coercive force of the soft magnelic films can be reduced compared
with the case where only a single thick soft magnetic film is used. As a result, it is possible to fabricate a
magnetoresistance effect device which can operate with a smaller magnetic field. Further. the structure of
the consecutive soft magnetic films increases the MR ratio, compared with a single thick soft magnetic film,
because the number of magnetic film/non-magnetic metal film interfaces increases. The thickness of the
non-magnetic metal film between the consecutive soit magnetic films should be such that a ferramagnetic
coupling can be created between the soft magnetic films, which is preferably in the range of about 0.2 to
0.7 nm or 1.1 to 1.7 nm, more preferably about 0.5 nm or 1.5 nm.

According to still another magnetoresistive effect device of the present invention, two Or more
consecutive soft magnetic films are stacked with a non-magnetic metal film interposed between any
adjacent soft magnetic films, and two or more consecutive hard magretic films are stacked with a non-
magnetic metal film interposed between any adjacent hard magnelic films, as shown in Figure 24. The
same effect as that described above can be obtained by using the consecutive soft magnelic films. Aiso,
the structure of the consecutive hard magnetic films increases the MR ratio, compared with a single thick
hard magnetic film, because the number of magnetic film/non-magnetic metal film interfaces increases. As
in the case of the consecutive soft magnetic films, the thickness of the non-magnetic metal film between the
consecutive hard magnetic films should be such that a ferromagnetic coupling can be created between the
hard magnetic films. The thickness is preferably in the range of about 0.2 to 0.7 nm or 1.1 to 1.7 nm, more
preferably about 0.5 nm or 1.5 nm.

The magnetoresistance effect device of the present invention is suitable for the application to a memory
device and an amplifier as shown in Figure 4. Figure 26 illustrates one example of the MR curve of the
magnetoresistance eoffect device according to the present invention. As is observed from Figure 26, the high
resistivity and the low resistivity are switched within a small magnetic field with a good square feature.
Accordingly, when such a device is applied to a memory device, highly reliable recording and reading is
possible. When the device is applied to an amplifier. a stable output can be obtained. In the thus-fabricated
memory device, the coercive force of a hard magnetic film 101 can be varied to some extent by varying the
thickness of the hard magnetic film and by varying the composition of CoPt used for the hard magnetic film.
As a result, it is possible to produce a hard magnetic film having a coercive force suitable for the writing
capability of a conductor 5.

An insulating film 6 is preferably as thin as possible so that a device portion composed of [the hard
magnetic fiim 101/a non-magnetic metal film 102/a soft magnetic film 103] is as close as possible to the
conductor & for magnetizing the device portion. As the device portion is closer to the conductor 5. a greater
magnetic field can be generated by the application of the same current, and the device portion can be
magnetized by the application of less current. However, the thickness of the insulating film 6 is required to
be at least 5 nm to avoid troubles such as characteristic degradation due to heating and inferior insulating
property. The thickness is also required preferably to be 1 um or less in consideration of the magnetization
range where a magnetic field can be generated for magnetizing the hard magnetic film 101 (for writing
information on the hard magnetic film 101). SiO, is especially preferable as the
consideration of the processibility and the flatness. However, any other material ma
has the insulation property.

The conductor 5 may be formed in a strip shape as shown in Figure 4 when it is used for a memory
device. In the case of arranging memory devices in @ matrix, the conductor 5 may be formed so that two

conductors do not cross each other on the magnetoresistance effect device as shown in Figure 15A or
conductors cross each other as shown in Figure 15B.

The magnetoresistance effect device of the present inventio
change within a low magnetic field as described above, is also suitable for application to a magnetic head.
However, since an epitaxial film is used for the magnetoresistance effect device of the present invention, it
is difficult to form such an epitaxial film on a conventional ferrite substrate. This necessitates a special
consideration for the application of the present invention to a magnetic head. Figure 29 shows an
exemplified basic structure for a magnetic head according to the present invention. In Figure 29, a device

insulating material in
y be used as far as it

two

n, which creates a large magnetoresistive
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portion 109 is formed on an Si substrate 107 and is covered with an insulating film 110. The insulating film
110 may be made of various types of materials including Al, Os, but SiO is most preferable. A yoke 111 is
formed on the insulating film 110 and is magnetically coupled with the device portion 109 at a portion where
the insulating film 110 is thinned, thereby forming a magnetic path. The yoke 111 is preferably made of a

5 material which is soft magnetic and has a high magnetic permeability, such as an amorphous magnetic film
of a Co group. A magnetic flux which leaks from a magnetic recording medium directly enters the device
portion 109 from the left as is seen in Figure 29 and is converted into an electric signal.

(Example 18)

A magnetoresistance effect device was fabricated by use of an ultra-high vacuum deposition apparatus,
using Si (100) single crystal as a substrate. First, a Si (100) substrate was treated with a 7% hydrofluoric
acid to remove any oxidized film on the surface of the substrate, and then sufficiently cleaned with pure
water. The substrate was then placed in an ultra-high vacuum deposition apparatus to form a underlayer

5 and a multitayer structure A under a vacuum of approximately 2 x 10~2 Torr:
AQ:Si(1 00)/Cu(50)/[Co(3)/Cu(6)/NiFe(3)/Cu(6)]’°
(parenthesized values indicate the thickness (nm) except for Si(100), superscript number 10 indicates that
the set of films within [ ] are stacked 10 times.)

20  electron beam evaporation source was used for Co and NiFe. The Knudsen cell provides deposition with a

25 of atoms; hereinafter, referred to as the atomic composition) was used. Whether each film was growing

Si(100)//Cu(100)/Co(100)/NiFe(100) in a stacking direction and Si[001/Cu[011)/Co[011 V/NiFe[011] in a

film plane. (100) indicates a (100) crystal plane. After the film formation process, the resultant multitayer

30  structure was examined by X-ray diffraction. As a result, a sharp peak corresponding to Cu(200) was

observed. but no peak corresponding to (111) and (220) was observed. For comparison, a magnetoresist-

ance effect device having the same multilayer structure formed on a glass substrate via a 5 nm-thick Cr
underlayer was fabricated.

These magnetoresistance effect devices were measured by a four-terminal method under an applied

35 magnetic field of maximum 500 Oe at room temperature. In this measurement, the magnetic fieid was

applied in the two directions of [001] and [011] in plane of the Cu underlayer on the substrate. The results

of the measurement are shown in Figures 27A and 27B for the device A9 and the device of the comparative

example, respectively. In Figures 27A and 27B, the x-axis represents the magnetic field applied from

outside, while the y-axis represents the MR ratio. The solid line in Figure 27A is a curve obtained by

40 applying the magnetic field in the [011] direction in plane of the Cu backing film, while the dot line in the

[001] direction in plane of the Cu backing film. From Figure 27A. it is found that the MR ratio is larger and

more sharply changes when the magnetic field is applied in the {01 1] direction than in the [001] direction. In

using a glass substrate, it is found that the MR curve of the magnetoresistance effect device A has a good
45 linearity and sharply changes near the zero field. In the comparative example shown in Figure 27B, the
dependency of the MR ratio on the direction of the magnetic field was hardly observed. In Figure 27A, the
MR ratio can be larger by thinning the Cu backing film. When the thickness of the Cu underlayer of the
device A is changed to 5 nm without changing other conditions, the resultant device can provide an MR
ratio of approximately 10% with a substantially the same MR curve as that of Figure 27A though the
50  crystallinity thereof lowers more or less.
In Example 18, Co was used for the hard magnetic film. The MR ratio can be further increased by using
CoPt as the hard magnetic film. The CoPt film was formed by evaporating Co and Pt simultaneously using
separate evaporation sources so as to obtain an atomic composition of CoosPty>. The thus-fabricated
magnetoresistance effect device, ’
55 A9 Si(100)/Cu(50)/[CoPt(3)/Cu(6)/NiFe(3)/Cu(6)]‘°
had an MR ratio of approximately 8%, which is greater by approximately 1% than that of the device AQ.
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(Example 19)

A magnetoresistance effect device having a structure of:

B9: Si(100)/Cu(50)/[Co(3)/Cu(2.5-x/2)/Ag(x)/Cu{2.5-x/2) /NiFe(3)/Cu(2.5-x/2)/Ag(x)/Cu(2.5-x/2)]'°

of the multilayer type shown in Figure 22 was fabricated in the same manner as that described in Example
18. Ag was evaporated by use of the Knudsen cell as in the case of Cu. The Knudsen cell is suitable for
forming thin films as in this case with high accuracy. The MR curves of the magnetoresistance effect device
B9 when x is 0, 0.1, 0.2, and 0.4 nm are shown in Figures 28A to 28D, respectively. It is observed from
Figures 28A to 28D that, when the thickness of the Ag film is 0.1 nm and 0.2 nm, the MR curve sharply
rises near the zero field for the measurement in the [011] direction. When the thickness of the Ag film is 0.4
nm or more, the crystallinity is deteriorated, decreasing the MR ratio and losing direction with significant
characteristics. The maximum MR curve, MR/AH=1.3%/Oe was obtained by setting x at 0.2 and the
thickness of the underiayer at 5 nm.

Magnetoresistance effect devices of a so-called sandwich type of:

C9: Si(100)/Cu(5)/NiFe(10)/Cu(5)Co(10) °
D9: Si(100)/Cu(5)/NiFe(10)/Cu(2.4)’Ag(0.2)/Cu(2.4)/Co(10)

had MR ratios of 3.5% and 4.3%, respectively, which was significantly greater than that of a comparative
example using a glass substrate:

Comparative example: glass/Cr(5)/NiFe(10)/Cu(5)/Co(10)

of which MR ratic was 1.5%.

The MR ratio can also be increased by forming a Co film between the solt magnetic film and the non-

magnetic metal film. A magnetoresistance effect device with this structure:

C9'": Si(100)/Cu(5)/NiFe(10-t)/Co(t)/Cu(5)Co(10)

had a MR ratio of 4.0%, 5.0%, 4.5%, and 3.5% when t was 0.2, 0.5, 1.0, and 2.0 nm, respectively. The
thickness of the interposed Co film is preferably in the range of 0.1 nm to 1.0 nm. This interposition of Co
between the soft magnetic film and the non-magnetic metal film is also effective for a multilayer structure.

The MR ratio can be further increased by using NiFeCo for the soft magnetic film, instead of NiggFego
used in the above example. For example, when the NiFe film of the device C9 was replaced with an
Nig.7C0g.1Feg 2 film, the MR ratio increased by approximately 1% to obtain 4.5%.

Memory devices were fabricated by forming an SiO; insulating film and an Au/Cr film as a conductor on
the above sandwich type devices by sputtering. The operation of the resultant memory devices was tested
in the following manner: As shown in Figure 6A, a strong current was applied to the conductor 5 to
magnetize the hard magnetic film 1'(101) in one direction. As shown in Figure 6B, a weak current was
applied to the conductor 5 to align the soft magnetic film 103 in one direction. Then, as shown in Figure 6C,
the weak current flowing in the conductor § was inverted, and. at this point, a change in the resistance at
the magnetoresistive device portion was measured. As a result, it was confirmed that the change in the
resistance was definitely + (increase) or -(decrease) depending on the magnetization direction recorded on
the hard magnetic film 101 as shown in Figure 6D. This change in the resistance was double the
comparative example for the device C9 and triple for the device D9. In the case where a memory device
was fabricated by using a Cog.sFeos film instead of Co film of D9 in the same manner for D9, the change in
the resistance of this device was 4 times the comparative example.

The memory devices having the sandwich type structure of [the hard magnetic film/the non-magnetic
metal film/the soft magnetic film] as shown in Figure 4 were described. The present invention is also
effective for a multilayer type memory device as shown in Figure 25 and memory devices having the
multilayer structures shown in Figures 21 to 24. However, the square feature is very important when the
magnetoresistance effect device is used for the memory device. Accordingly, a sandwich type device as
shown in Figure 4 which has a non-magnetic metal film composed of CurAg/Cu is desirable.

In Figures 4 and 6A to 6D, the memory device includes only one conductor 5. The present invention is
also effective as a memory device having two conductors. For example, such conductors may be arranged
in a matrix, and the write operation is performed at each intersection of the conductors by use of a
synthesized magnetic field generated by currents flowing the intersecting two conductors.

The same devices were applied to an amplifier, and the operation as the amplifier was tested. As shown
in Figure 8A, a strong current was applied to the conductor 5 to magnetize the hard magnetic film 1'(101) in
one direction. As shown in Figure 8B, an input AC voltage was applied to the conductor 5, and a change in
the output voltage which may be caused by a change in the resistance at the conductor was measured. As
a result, it was confirmed that the input voltage had been amplified as shown in Figure 8C. The magnitude
of the output voltage was double that of the comparative example for the device C9 and triple for the device
D9. The devices C9 and D9 were also advantageous in that the noise was low compared with the
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comparative example.
A magnetic head was fabricated by forming an SiOz insulating film and a Cog.g2Nbg.12Zrg.06 YOKe film on

the device C9 by sputtering. The output of the resultant magnetic head of the present invention was double
that of a conventional magnetic head using NiFe recorded in the same manner as the above.

(Example 20)

Magnetoresistance effect devices of the type shown in Figure 23:
E9: Si(100)/Cu(5)/NiFe(3)/Cu(0.5)/NiFe(3)/Cu(0.5) /NiFe(3)/Cu(5)/Co(10)
F9: Si(100)/Cu(5)/NiFe(3)/Cu(0.5)/NiFe(3)/Cu(0.5) /NiFe(3)/Cu(2.4)/Ag(0.2)/Cu(2.4)/Co(10)
were fabricated in the manner described in Exampies 18 and 18. The MR ratio of the devices E9 and F9
were 5.6%, which was greater than those of the devices C9 and D9.

(Example 21)

Magnetoresistance effect devices of the type shown in Figure 24:
G9: Si(100)/Cu(5)/[Co(3)/Cu(1.5)/Co(3)/Cu(B)/NiFe(3) /Cu(1.5)/NiFe(3)/Cu(6)]?
H9: Si(100)/Cu(5)/[Co(3)/Cu(1.5)/Co(3)/Cu(2.4)/Ag(0.2) /Cu(2.4)/NiFe(3)/Cu(1.5)NiFe(3)Cu(6)]
were fabricated in the manner described in Examples 18 to 20. The MR ratios of the devices G9 and H9
were 10% and 12% at 10 Oe, respectively.

(Example 22)

Magnetoresistance effect devices using a glass substrate:
19: glass/Cr(5)/[CoP3)/Cu(S)/CoNiFe(3)/Cu(1.5) /CoNiF ‘3¥Cu(5)?
J9: glass/Cr(5)[CoPt(1.5)/Cu(0.5)/CoPt(1.5) /Cu(5)/Coi .  (3)/Cu(1.5)/CoNiFe(3)/Cu(5)P®
Comparative example: glass/Cr(5)/[CoPt(3)/Cu(5) /CoNiFe(B)/Cu(5)]® _
were fabricated in the manner described in Examples 18 to 21. The CoPt film, of which atomic composition
was CogoPtg 1, was obtained by evaporating Co and Pt from separate evaporation sources. The CoNiFe film,
whose atomic composition was CogsNig3Feq, was evaporated by use of an alloy evaporation source. The
MR ratios of the devices 19 and J9 were 6.7%, while that of the comparative example was 4%.

(Example 23)

Magnetoresistance effect devices using a glass substrate:
K9: glass/[CoPt(3)/Cu(2.4)/Ag(0.2)/Cu(2.4) /NiFeCo(3)/Cu(2.4)iAg(0.2)/Cu(2.4)]?
L9: glass/[CoPt(3)/Cu(2.4)/Au(0.2)/Cu(2.4) INiFeCo(3)/Cu(2.4)/Au(0.2)/Cu(2.4)P?
Comparative example: glass/[CoPt(3)/Cu(5)/CoNiFe(3) /Cu(5)P
were fabricated in the manner described in Examples 18 to 22. A CogsPto. film and an Cog gNipsFeg film
were used for the hard magnetic film and the soft magnetic film, respectively. The MR ratios of these

- devices were measured in the manner described in Example 18. As a result, the maximum slopes of the

MR curves of the devices K9 and L9 were 0.7%/0e and 0.6%/0e, respectively, while that of the comparative
example was 0.4%/0e, exhibiting a sharp rise near the zero field of the MR curves of the devices K9 and
L9.

By using these magnetoresistance effect devices, it is possible to obtain a magnetic head. a magnetic
memory, and an amplifier, as described in the previous examples.

The magnetoresistance effect device of the present invention provides a large magnetoresistive change
under a low magnetic field. Moreover, the magnetoresistance effect device exhibits a large magnetoresist-
ance effect and a small magnetostriction at room temperature.

Accordingly, by applying the magnetoresistance effect device of the present invention to a magnetic
head, a magnetic memory, and an amplifier, a magnetic head with high sensitivity and high output, a
magnetic memory with high reliability and easy write operation, and an amplifier with high output and high
reliability may be realized. In addition, by reducing the saturation magnetic field Hs, it becomes possible to
provide a memory device allowing for recording and reproducing.

Various other modifications will be apparent to and can be readily made by those skilled in the art
without departing from the scope and spirit of this invention. Accordingly, it is not intended that the scope of
the claims appended hereto be limited to the description as set forth herein, but rather that the claims be
broadly construed.
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Claims

1.

10.

11.

12,

13.

A magnetoresistance effect device comprising:

a substrate; and

a multilayer structure formed on the substrate, the multilayer structure including a hard magnetic
film, a soft magnetic film, and a non-magnetic metal film for separating the hard magnetic film from the
soft magnetic film,

wherein a magnetization curve of the hard magnetic film has a good square feature, and a direction
of a magnetization easy axis of the hard magnetic film substantially agrees to a direction of a magnetic
field to be detected. i

A magnetoresistance effect device according to claim 1, wherein the multilayer structure has a structure
in which the hard magnetic film, the soft magnetic film, and the non-magnetic metal film are stacked a
plurality of times.

A magnetoresistance effect device according to claim 1, wherein a further magnetic film is inserted on
both faces or on one face of the hard magnetic film, a thickness of the magnetic film is in the range of
0.1 to 2 nm, and the magnetic film includes at least one element selected from Co, Ni, and Fe as a
main component.

A magnetoresistance effect device according to claim 3, wherein the multilayer structure has a structure
in which the hard magnetic film, the soft magnetic film, the non-magnetic metal film, and the inserted
magnetic film are stacked a plurality of times.

A magnetoresistance effect device according to ciaim 1, wherein a further magnetic film is inserted at,
at least one of interfaces between the hard magnetic film and the non-magnetic metal film and between
the soft magnetic film and the non-magnetic metal film, a thickness of the magnetic film is in the range
of 0.1 to 1 nm, and the magnetic film includes Co as a main component.

A magnetoresistance effect device according to claim 5, wherein the multilayer structure has a structure
in which the hard magnetic film, the soft magnetic film, the non-magnetic metal film, and the inserted
magnetic film are stacked a plurality of times.

A magnetoresistance effect device according to claim 1, wherein the soft magnetic film inciudes
NixCovFez as a main component, and in an atomic composition ratio, X is in the range of 0.6 to 0.9, Y
1S in the range of 0 to 0.4, and Z is in the range of 0 to 0.3.

A magnetoresistance effect device according to claim 1, wherein the soft magnetic film includes
Nix-CovFez as a main component, and in an atomic composition ratio, X' is in the range of 0 to 0.4, Y’
is in the range of 0.2 to 0.95, and Z' is in the range of 0 to 0.5.

A magnetoresistance effect device according to claim 1, wherein the soft magnetic film is an
amorphous magnetic film.

A magnetoresistance effect device according to claim 1, wherein the non-magnetic metal film is made
of a material selected from Cu, Ag, and Au.

A magnetoresistance effect device according to claim 1, wherein the non-magnetic metal film is made
of Cu.

A magnetoresistance effect device according to claim 1, wherein the non-magnetic metal film has a
thickness in the range of 1 nm to 10 nm.

A magnetoresistance effect device according to claim 1, wherein the hard magnetic film includes Co

and M as main components, M representing Pt or two or more kinds of elements selected from a group
consisting of Pt, Cr, and Ta.
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A magnetoresistance effect device according to claim 1, wherein the hard magnetic film is made of a
material of CoPt.

A magnetoresistance effect device according to claim 1, wherein the soft magnetic film includes
NixFe;-x or (NixCoy-x)xFei-x as a main component, the hard magnetic film includes CovFe -y as a
main component, and in an atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range
of 0.7 to 1.0, and Y is in the range of 0.3 to 0.7.

A magnetoresistance effect device according to claim 15, wherein the non-magnetic metal film is made
of a material selected from Cu, Ag, and Au. ‘

A magnetoresistance effect device according to claim 1, wherein the soft magnetic film includes
NixFe,-x or (NixCo;-x)xFei-x as a main component, the hard magnetic film includes (CozFe -z)zVi-z
as a main component, and in an atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the
range of 0.7 to 1.0, Z is in the range of 0.3 to 0.7, and Z' is in the range of 0.9 to 0.98.

A magnetoresistance effect device according to claim 17, wherein the non-magnetic metal film is made
of a material selected from Cu, Ag, and Au.

A magnetoresistance effect device according to claim 1, wherein, in the multilayer structure formed on
the substrate, the hard magnetic film is mainly made of Co, CoPt, or CoFe, the soft magnetic film
mainly made of NiFe or NiFeCo, and the non-magnetic metal film is mainly made of Cu and has a
thickness of 2 to 10 nm, the multilayer structure is formed epitaxially on the substrate such that a [100}
direction of each film composing the multilayer structure is in a direction vertical to a film plane of the

each film, and a magnetic field direction to be detected is substantially a [011] direction of the non-
magnetic metal film.

A magnetoresistance effect device according to claim 19, wherein the substrate is an Si (100) single

crystalline substrate, the multilayer structure is formed on the substrate via a underlayer mainly made
of Cu.

A magnetoresistance effect device according to claim 1, wherein in the multilayer structure formed on
the substrate, the hard magnetic film is mainly made of Co, CoPt, or CoFe, the soft magnetic film
mainly is made of NiFe or NiFeCo, and the non-magnetic metal film includes a first non-magnetic metal
film mainly made of Cu having a thickness of 2 to 10 nm and a second non-magnetic metal film mainly
made of Ag or Au having a thickness of 0.1 to 0.4 nm inserted in the first non-magnetic metal film.

A magnetoresistance effect device according to claim 21, wherein the multilayer structure is formed
epitaxially on the substrate such that a {100] direction of each film composing the multilayer structure is
in a direction vertical to a film plane of the each film, and a magnetic field direction to be detected is
substantially a [011] direction of the non-magnetic metal film.

A magnetoresistance effect device according to claim 22, wherein the substrate is an Si (100) single

crystalline substrate, the multilayer structure is formed on the substrate via a underlayer mainly made
of Cu.

A magnetoresistance effect device according to claim 1, wherein the soft magnetic film is mainly made
of NiFe or NiFeCo, at least two consecutive soft magnetic films each having a thickness in the range of
1 to 10 nm are stacked with a non-magnetic metal film interposed therebetween,

wherein the hard magnetic film is mainly made of Co. CoPt, or CoFe, the hard magnetic film and
the consecutive soft magnetic films are stacked with the non-magnetic metal film interposed there-
between. :

A magnetoresistance effect device according to claim 24, wherein the non-magnetic metal film is
mainly made of Cu.

A magnetoresistance effect device according to claim 24, wherein the non-magnetic metal film between
the consecutive soft magnetic films is composed of a single film mainly made of Cu, the non-magnetic
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metal film between the consecutive soft magnetic films and the hard magnetic film is composed of a
film mainly made of Cu with an Ag or Au film inserted therein.

A magnetoresistance effect device according to claim 24, wherein the multilayer structure is formed
epitaxially on the substrate such that a [100] direction of each film composing the multilayer structure is
in a direction vertical to a film plane of the each film, and a magnetic field direction to be detected is
substantially a [011] direction of the non-magnetic metal film.

A magnetoresistance effect device according to claim 1, wherein the soft magnetic film is mainly made
of NiFe or NiFeCo, at least two soft magnetic films each having a thickness in the range of 1 to 10 nm
are consecutively stacked with the non-magnetic metal film interposed therebetween,

wherein the hard magnetic film is mainty made of Co, CoPt, or CoFe, at least two hard magnetic
films each having a thickness in the range of 1 to 10 nm are consecutively stacked with the non-
magnetic metal fitm interposed therebetween,

wherein the consecutive soft magnetic films and the consecutive hard magnetic films are alter-
natively stacked with the non-magnetic metal film interposed therebetween, and a thickness of the non-
magnetic metal film between the soft magnetic film and the hard magnetic film is larger than a
thickness of the non-magnetic meta! film between the consecutive soft magnetic films or the consecu-
tive hard magnetic films.

A magnetoresistance effect device according to claim 28, wherein the non-magnelic metal film is
mainly made of Cu.

A magnetoresistance effect device according to claim 28, wherein the non-magnetic metal film between
the consecutive soft magnetic films and the non-magnetic metal film between the consecutive hard
magnetic films is a single film mainly made of Cu, the non-magnetic metal fim between the
consecutive soft magnetic film and the hard magnetic film is composed of a film mainly made of Cu
with an Ag or Au film inserted therein.

A magnetoresistance effect device according to claim 28, wherein the multilayer structure is formed
epitaxially on the substrate such that a [100] direction of each film composing the multilayer structure is
in a direction vertical to a film plane of the each film, and a magnetic field direction to be detected is
substantially a [011] direction of the non-magnetic metal film.

A magnetoresistance effect device according to claim 1. wherein a square ratio of the hard magnetic
film is 0.7 or more.

A magnetoresistance effect device according to claim 1, wherein a direction of a current flowing

through the multilayer structure is substantially perpendicular to a film surface of the multilayer
structure.

A magnetoresistance effect type head comprising:

a substrate;

a multilayer structure formed on the substrate, the multilayer structure including a hard magnetic
film, a soft magnetic film, and a non-magnetic metal film for separating the hard magnetic film from the
soft magnetic film; and

a yoke for guiding a signal magnetic field from a magnetic medium to the soft magnetic film,

wherein a magnetization curve of the hard magnetic film has a good square feature, and a direction
of a magnetization easy axis of the hard magnetic film substantially agrees to a direction of the signal
magnetic field guided by the yoke.

A magnetoresistance effect type head according to claim 34. wherein the multilayer structure has a

structure in which the hard magnetic film, the soft magnetic film, and the non-magnetic metal film are
stacked a plurality of times.

A magnetoresistance effect type head according to claim 34, wherein a further magnetic film is inserted
at, at least one of interfaces between the hard magnelic film and the non-magnetic metal film and
between the soft magnetic film and the non-magnetic metal film, a thickness of the magnetic film is in
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the range of 0.1 to 1 nm, and the magnetic film includes at ieast one element selected from Co, Ni, and
Fe as a main component.

A magnetoresistance effect type head according to claim 36, wherein the multilayer structure has a
structure in which the hard magnetic film, the soft magnetic film, the non-magnetic metal film, and the
inserted magnetic film are stacked a plurality of times.

A magnetoresistance effect type head according to claim 34, wherein a further magnetic film is inserted
on both faces or on one face of the hard magnetic film, a thickness of the magnetic film is in the range
of 0.1 to 1 nm, and the magnetic film includes Co as a main component.

A magnetoresistance effect type head according to claim 38, wherein the muitilayer structure has a
structure in which the hard magnetic film, the soft magnetic film, the non-magnetic metal film, and the
inserted magnetic film are stacked a plurality of times.

A magnetoresistance effect type head according to claim 34, wherein the soft magnetic film includes
NixCoyFez as a main component, and in an atomic composition ratio, X is in the range of 0.6 10 0.9, Y
is in the range of 0 to 0.4, and Z is in the range of 0 to 0.3.

A magnetoresistance effect type head according to claim 34, wherein the soft magnetic film includes
NixCoy-Fez as a main component, and in an atomic composition ratio, X is in the range of 0 1o 0.4, Y’
is in the range of 0.2 to 0.95, and Z' is in the range of 0 to 0.5.

A magnetoresistance effect type head according to claim 34, wherein the soft magnetic film is an
amorphous magnetic film.

A magnetoresistance effect type head according to claim 34, wherein the non-magnetic metal film is
made of a material selected from Cu, Ag, and Au.

A magnetoresistance effect type head according to claim 34, wherein the non-magnetic metal film is
made of Cu.

A magnetoresistance effect type head according to claim 34, wherein the non-magnetic metal film has
a thickness in the range of 1 nm to 10 nm.

A magnetoresistance effect type head according to claim 34, wherein the hard magnetic film includes
Co and M as main components, M representing Pt or two or more kinds of elements selected from a
group consisting of Pt, Cr, and Ta.

A magnetoresistance effect type head according to claim 34, wherein the hard magnetic film is made of
a material of CoPt.

A magnetoresistance effect type head according to claim 34, wherein the soft magnetic film includes
NixFe;-x or (NixCoy-x)xFei—x as a main component, the hard magnetic film includes CovFe;-v as 2
main component, and in an atomic composition ratio, X is in the range of 0.6 to 1.0, X" is in the range
of 0.7 to 1.0, and Y is in the range of 0.3 10 0.7.

A magnetoresistance effect type head according to claim 48, wherein the non-magnetic metal film is
made of a material selected from Cu, Ag, and Au.

A magnetoresistance effect type head according to clam 34, wherein the soft magnetic film includes
NixFe,_x or (NixCo,-x)xFei-x as a main component, the hard magnetic film includes (CozFei-z)zVi-z
a main component, and in an atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range
of 0.7 to 1.0, Z is in the range of 0.3 to 0.7, and Z' is in the range of 0.9 to 0.98.

A magnetoresistance effect type head according to claam 50. wherein the non-magnetic metal film is
made of a material selected from Cu, Ag, and Au.
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A magentoresistive effect type head according to claim 34, wherein, the hard magnetic film is mainly
made of Co, CoPt, or Cofe, the soft magnetic film mainly made of NiFe or NiFeCo. and the non-
magnetic metal film is mainly made of Cu and has a thickness of 2 to 10 nm, each of the films is
formed epitaxially on a substrate such that a [100] direction of the each film is in a direction vertical to
a film plane of the each film, and a direction of the signal magnetic field is substantially a [011]
direction of the non-magnetic metal film.

A magnetoresistance effect type head according to claim 34, wherein a square ratio of the hard
magnetic film is 0.7 or more.

A magnetoresistance effect type head according to claim 34, wherein a direction of a current flowing

through the muiltilayer structure is substantially perpendicular to a film surface of the multilayer
structure.

A nonvolatile memory device comprising:

a magnetoresistive change portion including a first magnetic film, a second magnetic film, and a
non-magnetic metal film for separating the first magnetic film from the second magnetic film; and

conductive lines for allowing a first current for recording information and a second current for
reading-out information to produce therethrough, magnetic fields which are respectively produced by
the first current and the second current affecting the magnetoresistive change portion,

wherein a magnetization curve of the first magnetic film has a good square feature, the first
magnetic film having a coercive force capable of inverting a magnetization of the first magnetic film by
the magnetic field produced by the first current but incapable of inverting the magnetization of the first
magnetic film by the magnetic field produced by the second current, the second magnetic film having a
coercive force capable of inverting a magnetization of the second magnetic film by the magnetic field

produced by the second current, whereby information recorded on the memory device is nondestruc-
tively read out.

A memory device according to claim 55, wherein the magnetoresistive change portion has a structure
in which the first magnetic film, the second magnetic film, and the non-magnetic metal film are stacked
a plurality of times.

A memory device according to claim 55, wherein a further magnetic film is inserted on both faces or on
one face of the first magnetic film, a thickness of the magnetic film is in the range of 0.1 to 2 nm, and
the magnetic film includes at least one element selected from Co, Ni, and Fe as a main component.

A memory device according to claim 57, wherein the magnetoresistive change portion has a structure
in which the first magnetic film, the second magnetic film, the non-magnetic metal film, and the inserted
magnetic film are stacked a plurality of times.

A memory device according to claim 55, wherein a further magnetic film is inserted at, at least one of
interfaces between the first magnetic film and the non-magnetic metal film and between the second
magnetic film and the non-magnetic metal film, a thickness of the magnetic film is in the range of 0.1 to
1 nm, and the magnetic film includes Co as a main component.

A memory device according to claim 59, wherein the magnetoresistive change portion has a structure
in which the first magnetic film, the second magnetic film, the non-magnetic metal film, and the inserted
magnetic film are stacked a plurality of times.

A memory device according to claim 56, wherein the magnetoresistive change portion includes a

plurality of first magnetic films, the plurality of first magnetic films having respective coercive forces
which are different from each other.

A memory device according to claim 55, wherein a magnetization easy axis of the first magnetic film

substantially agrees to directions of the magnetic fields produced by the first current and the second
current flowing through the conductor lines.
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A memory device according to claim 55, wherein the second magnetic film includes NixCoyFez as a
main component, and in an atomic composition ratio, X is in the range of 0.6 to 0.9, Y is in the range of
0 to 0.4, and Z is in the range of 0 to 0.3.

A memory device according. to claim 55, wherein the second magnetic film includes NixCoyFez as a
main component, and in an atomic composition ratio, X' is in the range of 0 to 0.4, Y' is in the range of
0.2 to 0.95, and Z' is in the range of O to 0.5.

A memory device according to claim 55, wherein the second magnetic film is an amorphous magnetic
film. :

A memory device according to claim 55, wherein the non-magnetic metal film is made of a material
selected from Cu, Ag, and Au.

A memory device according to claim 55, wherein the non-magnetic metal film is made of Cu.

A memory device according to claim 55, wherein the non-magnetic metal film has a thickness in the
range of 1 nm to 10 nm.

A memory device according to claim 55, wherein the first magnetic film includes Co and M as main

components, M representing Pt or two or more kinds of elements selected from a group consisting of
Pt, Cr, and Ta.

A memory device according to claim 55, wherein the first magnetic film is a semi-hard magnetic film.

A memory device according to claim 55, wherein the second magnetic film includes NixFe;_x or
(NixCoy-x)xFei-x as a main component, the first magnetic film includes CoyFe;_y as a main
component, and in an atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7
to 1.0, and Y is in the range of 0.3 to 0.7.

A memory device according to claim 71, wherein the non-magnetic metal film is made of a material
selected from Cu, Ag, and Au.

A memory device according to claim 55, wherein the second magnetic film includes NixFe;-x or
(NixCo4-x)xFer-x as a main component, the first magnetic film includes (CozFei-z)zVi-z as a main
component, and in an atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7
to 1.0, Z is in the range of 0.3 to 0.7, and Z' is in the range of 0.9 to 0.98.

A memory device according to claim 73, wherein the non-magnetic metal film is made of a material
selected from Cu, Ag, and Au.

A memory device according to claim 55, wherein, the first magnetic film is mainly made of Co, CoPt. or
CoFe, the second magnetic film mainly made of NiFe or NiFeCo, and the non-magnetic metal film is
mainly made of Cu and has a thickness of 2 to 10 nm, each of the films is formed epitaxially on a
substrate such that a [100] direction of the each film is in a direction vertical to a film plane of the each
film, and a direction of the magnetic field produced by the first current is substantially a [011] direction
of the non-magnetic metal film.

A memory device according to claim 55, wherein a square ratio of the first magnetic film is 0.7 or more.

An amplifying device comprising:

a magnetoresistive change portion including a first magnetic film, a second magnetic film, and a
non-magnetic metal film for separating the first magnetic film from the second magnetic film; and

conductive lines for allowing a signal current to flow therethrough, a magnetic field which is
produced by the signal current affecting the magnetoresistive change portion,

wherein a magnetization curve of the first magnetic film has a good square feature, the first
magnetic film having a coercive force incapable of inverting a magnetization of the first magnetic film
by the magnetic field produced by the signal current, the second magnetic film having a coercive force
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capable of inverting a magnetization of the second magnetic film by the magnetic field produced by the
signal current.

An amplifying device according to claim 77, wherein the magnetoresistive change portion has a
structure in which the first magnetic film, the second magnetic film, and the non-magnetic metal film
are stacked a plurality of times.

An amplifying device according to claim 77, wherein a further magnetic film is inserted on both faces or
on one face of the first magnetic film, a thickness of the magnetic film is in the range of 0.1 to 2 nm,
and the magnetic film includes at least one element selected from Co, Ni, ‘and Fe as a main
component.

An amplifying device according to claim 79, wherein the magnetoresistive change portion has a
structure in which the first magnetic film, the second magnetic film, the non-magnetic metal film, and
the inserted magnetic film are stacked a plurality of times.

An amplifying device according to claim 77, wherein a further magnetic film is inserted at, at least one
of interfaces between the first magnetic film and the non-magnetic metal film and between the second
magnetic film and the non-magnetic metal film, a thickness of the magnetic film is in the range of 0.1 to
1 nm, and the magnetic film includes Co as a main component.

An amplifying device according to claim 81, wherein the magnetoresistive change portion has a
structure in which the first magnetic film, the second magnetic film, the non-magnetic metal film, and
the inserted magnetic film are stacked a plurality of times.

An amplifying device according to claim 77, wherein the second magnetic film includes NixCoyFez as a
main component, and in an atomic composition ratio, X is in the range of 0.6 to 0.9, Y is in the range of
0to 0.4, and Z is in the range of 0 to 0.3.

An amplifying device according to claim 77, wherein the second magnetic film includes NixCoy-Fez as
a main component, and in an atomic composition ratio, X' is in the range of 0 to 0.4, Y'is in the range
of 0.2 to 0.95, and Z' is in the range of O to 0.5.

An amplifying device according to claim 77, wherein the second magnetic film is an amorphous
magnetic film.

An amplifying device according to claim 77, wherein the non-magnetic metal film is made of a material
selected from Cu, Ag, and Au.

An amplifying device according to claim 77, wherein the non-magnetic metal film is made of Cu.

An amplifying device according to claim 77, wherein the non-magnetic metal film has a thickness in the
range of 1 nm to 10 nm.

An amplifying device according to claim 77, wherein the first magnetic film is a hard magnetic film.

An amplifying device according to claim 77, wherein the first magnetic film includes Co and M as main

components, M representing Pt or two or more kinds of elements selected from a group consisting of
Pt, Cr, and Ta.

An amplifying device according to claim 77, wherein the second magnetic film includes NixFe,_x or
(NixCoi-x)xFei-x as a main component, the first magnetic film includes CoyFe,.y as a main

component, and in an atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7
to 1.0, and Y is in the range of 0.3 to 0.7.

An amplifying device according to claim 91, wherein the non-magnetic metal film is made of a material
selected from Cu, Ag, and Au.
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93. An amplifying device according to claim 77. wherein the second magnetic film includes NixFe,-x or
(NixCoy-x)xFei-x as a main component, the first magnetic film includes (CozFe;-z)zV -z as a main
component, and in an atomic composition ratio, X is in the range of 0.6 to 1.0, X' is in the range of 0.7
to 1.0, Z is in the range of 0.3 to 0.7, and Z' is in the range of 0.9 to 0.98.

94. An amplifying device according to claim 93, wherein the non-magnetic metal film is made of a material
selected from Cu, Ag, and Au.

95. An amplifying device according to claim 77. wherein the first magnetic film is mainly made of Co, CoPt,

10 or CoFe, the second magnetic film is mainly made of NiFe or NifeCo, and the non-magnetic metal film
is mainly made of Cu and has a thickness of 2 to 10 nm, each of the films is formed epitaxially on a
substrate such that a {100] direction of the each film is in a direction vertical to a film plane of the each

film, and a direction of the magnetic field produced by the signal current is substantially a {011}
direction of the non-magnetic metal film.

96. An amplifying device according to claim 77. wherein a square ratio of the first magnetic film is 0.7 or
more.
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